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Abstract%! !Across!vertebrates,!the!coordinated!evolution!and!synchronous!development!of!teeth!and!the!mandible!must!require!specific!timing!and!positioning!of!gene!expression.!While!debate!persists!about!whether!teeth!have!evolved!before!or!after!mandible,!currently,!the!consensus!is!that!these!systems!evolved!at!separate!times!and!thus!have!discreet!origins.!This!raises!an!important!question!of!whether!tooth!and!mandibular!tissues!have!over!the!course!of!their!evolution!become!developmentally!co[dependent!or,!as!separate!evolutionary!origins!would!imply,!remain!developmentally!autonomous!of!each!other.!!! The!molecular!signaling!that!patterns!the!genesis!of!upper!versus!lower!jaw!skeletons,!as!well!as!specifies!tooth!type!(i.e.,!molar!vs.!incisor)!is!relatively!well!understood.!To!date,!the!distinct!genetic!processes!that!drive!tooth!development!distinct!from!jaw!skeletal!development!has!been!little[studied,!in!no!small!part!due!to!the!technical!complexity!of!this!task.!The!main!hypothesis!of!thesis!is!that!a!collection!of!genes!acting!within!a!gene!regulatory!network!(GRN)!drives!odontogenesis!with!neither!input!from,!nor!influence!on,!jaw!morphogenesis.!!! The!Transformation!Related!Protein!(TRP63)!is!a!master!transcription!factor!that!is!vital!to!odontogenesis!because!TRP63!maintains!the!competence!and!proliferation!of!the!epithelial!layer!of!the!tooth!organ.!Thus!the!“toothless”!TRP63!homozygote!mouse!mutant!(Brdm2!mutant)!fails!to!develop!teeth!even!though!it!develops!a!virtually!unperturbed!mandible.!This!combination!of!lower!jaw!morphogenesis!in!the!absence!of!odontogenesis!presents!a!rare!model!to!study!the!genetic!changes!that!occur!when!teeth!but!not!jaws!fail!to!form.!A!previous!microarray!gene!expression!analysis!(Boughner!laboratory,!unpublished!data)!of!mandibular!prominences!(MdPs)!derived!from!embryonic!day!(E)!10[13!revealed!that,!compared!to!heterozygote!(Trp63+/[)!MdPs,!in!Brdm2!mutant!MdPs,!transcript!
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levels!of!cerebellin!1!(Cbln1);!keratin!2[8!(Krt228);!phospholipid!transfer!protein!(Pltp)!and!fermitin!1!(Fermt1)!were!altered!in!at!least!some!of!the!four!embryonic!stages.!Specifically!Cbln1!and!Krt2287were!up[regulated!while!Pltp!and!Fermt1!were!down[regulated.!None!of!these!four!genes!have!previously!been!linked!to!odontogenesis!yet!all!are!potential!candidates!for!a!“tooth[specific”!GRN.!!!Using!RT[qPCR!analysis,!I!aimed!to!test!the!validity!of!the!microarray!work!and!confirmed!its!veracity!by!showing!that,!generally,!Cbln1!and!Krt228!mRNA!were!up[regulated,!while!Fermt1!(but!not!Trp63!or!Pltp)!mRNA!was!significantly!down[regulated!in!the!MdPs!of!Brdm2!mutant!mice!relative!to!Trp63+/[!mice.!Conversely,!western!blotting!protein!expression!analysis!showed!little[to[no!change!among!
Brdm2!MdPs!relative!to!either!wild!type!(Trp63!+/+)!or!Trp63+/[!embryos,!making!it!difficult!to!tease!out!the!precise!relationship!between!CBLN1,!FERMT1,7KRT2[8,7and!PLTP!and!TRP63.!These!results!show!a!lack!of!strong!correlation!between!mRNA!and!protein!expression.!Because!the!mRNA!analyses!showed!disturbances!in!the!expression!level!in!a!few!of!these!five!genes!within!the!MdPs!during!the!earliest!stages!of!tooth!development,!these!genes!remain!candidates!for!an!odonto[specific!GRN.!! In!complement!to!the!genetic!work,!to!characterize!the!tandem!developmental!morphology!of!tooth!and!jaw!skeleton!tissues,!my!work!included!developing!a!new!tissue!staining!protocol.!Using!Protargol,!a!silver[based!compound,!to!enhance!in!uncut!mouse!embryos!contrast!among!tiny,!soft!oral!tissues!and!visualize!their!organization!in!3D!and!microscopic!detail!across!several!embryonic!stages.!This!novel!protocol!offers!a!simple,!easy[to[follow,!and!relatively!inexpensive!way!to!effectively!stain!whole!embryos!aged!E10[15!for!X[ray!based!micro[computed!tomography!(μ[CT)!imaging!using!synchrotron!and!desktop!scanning!systems.!Because!the!scan!data!are!digital,!this!new!method!also!allows!more!precise,!accurate!and!rapid!empirical!studies!of!the!sizes,!shapes!and!positions!
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of!teeth!as!they!form!within!the!jaw!to!clarify!how!these!tissues!are!integrated!as!they!develop.!!!The!work!presented!in!this!thesis!investigated!tooth!development!exclusive!of!mandible!development!from!complementary!molecular!and!morphological!points!of!view.!Driven!by!the!lack!of!understanding!of!the!genetic!mechanisms!that!orchestrate!tooth!with!jaw!skeletal!development,!this!study!has!for!the!first!time!isolated!a!set!of!genes!that!are!potential!candidates!for!tooth!formation!only.!These!results!set!the!stage!for!next!steps!in!testing!the!developmental[genetics!that!enable!teeth!and!jaws!to!“fit”!together!as!they!develop.!!!! %
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1%Introduction%
1.1%The%evolutionary%origins%of%teeth%versus%jaws.%
% Teeth!are!one!of!the!most!important!organs!to!have!evolved!in!vertebrates!because,!coupled!with!an!anchoring!point!(jaws),!teeth!allowed!animals!to!hunt,!fight!and!eat!a!broader!range!of!foods;!thus!adapting!to!new!and!different!environments!and!surviving!during!times!of!environmental!stress.!The!evolutionary!origin!of!dental!tissue!has!been!debated!amongst!scientists!working!to!unravel!the!development!and!evolution!of!dentitions.!For!many!years,!two!opposing!theories!were!proposed!and!have!been!repeatedly!tested!to!model!the!evolutionary[developmental!origins!of!tooth[like!structures.!These!are!the!Outside[In!theory,!and!the!Inside[Out!theory.!!!The!Outside[In!theory!proposes!that!teeth!in!early!vertebrates!derived!from!an!invasion!from!external!body!surfaces!into!the!oral!cavity!by!a!layer!of!skin!competent!to!form!odontodes,!tooth[like!structures!(Huysseune!et!al.,!2009).!In!this!scenario,!odontodes!originally!developed!from!surface!skin!denticles,!spiked!tooth[like!structures!found!on!the!skin!of!many!fish!species!(Liem!and!Walker,!2001).!In!essence,!this!theory!suggests!that!teeth!are!modified!skin!denticles!(Sire!et!al.,!1997;!Sire,!2001;!Sire!and!Akimenko,!2004).!Conversely,!the!Inside[Out!theory!postulates!that!teeth!first!appeared!in!jawless!vertebrates!in!the!posterior!pharyngeal!cavity,!which!contained!mostly!endodermal!cells!(Smith,!2003).!Through!as!yet!undefined!molecular!signaling,!the!anterior!oral!cavity!became!competent!to!develop!teeth!(Smith!and!Coates,!1998;!Ahlberg!and!Systematics!Association.,!2001;!Fraser!et!al.,!2009).!Thus,!in!this!model,!the!dentition!and!skin!denticles!developed!independently!from!separate!embryonic!origins!(endoderm!and!ectoderm,!respectively)!(Teaford!et!al.,!2000).!!!
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! Both!theories!are!supported!by!fossil,!embryological!and!anatomical!evidence,!which!partly!explains!the!longstanding!contention!about!which!theory!is!correct.!Very!recently,!new!fossil!and!molecular!data!have!required!a!reassessment!of!the!Outside[In!theory.!The!revised!version!of!this!theory!now!suggests!that!teeth!formed!from!odontode[competent!ectoderm!invading!the!oro[pharyngeal!cavity!through!the!mouth!and!gill!slits!(Donoghue!and!Rucklin,!2014).!If!tooth[forming!ectoderm!was!displaced!into!the!oro[pharyngeal!cavity,!in!close!proximity!to!where!mandible!ultimately!develop!and!without!much!signaling!direction!from!them,!then!a!molecular!pathway!may!have!evolved!specific!to!the!normal!formation!of!the!teeth!to!the!exclusion!of!the!jaw.!!!Studies!on!the!early!jawless!vertebrate!Loganellia7scotica!showed!odontode!formation!within!the!oro[pharyngeal!region!(Rucklin!et!al.,!2011),!revealing!that!developmental[genetics!and!morphogenesis!of!tooth[like!structures!existed!prior7to!the!first!signs!of!jaw[like!tissue!(Donoghue!and!Rucklin,!2014).!However,!there!is!an!equally!strong!and!opposite!contention!that!teeth!evolved!through!the!invasion!of!odontogenetic[competent!external!dermis!to!the!internal!epithelium!after!the!origin!of!a!jaw!skeleton!(Murdock!et!al.,!2013).!In!this!context,!the!upper!jaw!skeleton!refers!to!the!maxilla!and!the!pre[maxilla!and!the!lower!jaw!skeleton!refers!to!the!mandible,!which!in!mammals!is!composed!of!the!dentary!bone.!Although!the!true!understanding!of!what!evolved!first,!teeth!or!upper!jaw/mandible,!remains!a!debate;!there!is!at!this!time!general!agreement!that!teeth!evolved!from!odontode[competent!ectoderm!invading!the!oro[pharyngeal!cavity!through!the!mouth!and!gill!slits!(Blais!et!al.,!2011).!Furthermore,!recent!work!from!Fraser!and!co[workers!(2009)!suggested!that!the!first!vertebrate!dentition!appeared!in!areas!of!the!oral!cavity!expressing!hox!and!ectodysplasin!pathway!genes.!Conversely,!hox[negative!regions!ultimately!resulted!in!differentiation!and!formation!of!jaw!structures!(Fraser!et!al.,!2009).!Collectively,!this!body!of!previously!published!work!suggests!that!mandible/upper!jaw!and!tooth!tissue!were!commanded!by!independent!gene!regulatory!networks!(GRN).!Yet,!the!identification!and!number!of!genes!within!each!
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respective!GRN,!and!even!the!existence!of!a!network!specific!to!odontogenesis,!is!still!very!speculative.!The!main!aim!of!this!thesis!is!to!begin!to!resolve!this!particular!conundrum.!!!!
1.2%The%developmental%stages%of%tooth%morphogenesis%in%mammals.%
% The!development!of!craniofacial!structures!is!a!highly!complex!process!involving!a!vast!network!of!cross[communicating!genes!(Brunskill!et!al.,!2014).!Neuroectoderm!cells!within!rhomobomeres!(r1[4)!in!the!developing!posterior!midbrain!and!anterior!hindbrain!transform!into!cranial!neural!crest!(CNC)!cells.!This!unique!population!of!cells!then!give!rise!to!the!first!branchial!arch!(BA)!and!the!mid[facial!prominences!including!the!frontonasal!prominence!(FNP)!(Noden,!1978;!Couly!et!al.,!1993;!Osumi[Yamashita!et!al.,!1994;!Kontges!and!Lumsden,!1996;!Chai!et!al.,!2000).!Later!in!development,!the!FNP!gives!rise!to!the!mid!face!and!upper!face.!Ultimately,!CNC!cells!localize!in!areas!that!develop!into!the!upper!jaw!prominence!(prospective!upper!jaw,!MxP)!and!mandibular!prominence!(prospective!lower!jaw,!MdP)!(Jeong!et!al.,!2008).!The!MxP!and!MdP!pave!the!way!for!the!upper!and!lower!jaw!skeleton!respectively,!as!well!as!the!lateral!skull!and!middle!ear!(Kontges!and!Lumsden,!1996).!Note!that,!in!this!thesis,!“mandible!and!upper!jaw”!refer!only!to!the!bones!within!these!anatomical!structures.!The!MxP!and!MdP!refer!to!the!early!embryonic!structures!that!give!rise!to!several!different!tissues,!including!the!upper!jaw!and!mandible!and!their!respective!dentition.!Previous!experimental!studies!have!successfully!tracked!the!paths!that!neural!crest!cells!follow!as!they!migrate!such!that,!in!the!developing!tooth!organ,!ectomesenchyme!is!derived!from!CNC!cells!(Chai!et!al.,!2000).!This!CNC[derived!ectomesenchyme!forms!part!of!the!condensed!dental!mesenchyme!that!encapsulates!the!early!tooth!structure!at!about!E13!and,!later,!that!contributes!to!the!dental!papilla!mesenchyme,!preodontoblast,!odontoblast/dentin!matrix,!pulp,!cementum!and!periodontal!ligament!(Chai!et!al.,!2000).!Thus!the!various!stages!of!tooth!formation!heavily!depend!on!the!normal!function!and!signaling!patterns!of!CNC!cells;!however,!these!cells!are!not!the!only!
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requirement!for!proper!odontogenesis!as,!non[CNC!cells!contribute!significantly!to!the!production!of!dental!papilla!(Chai!et!al.,!2000).!In!regards!to!jaw!skeleton!formation,!Meckel’s!cartilage!is!a!unique!bar!of!cartilage!found!in!the!first!branchial!arch!that!develops!in!close!proximity!to!the!mandible.!Meckel’s!cartilage!starts!as!an!aggregated!cell!mass!containing!CNC[derived!cells!that!extends!both!anteriorly!and!posteriorly!and!ultimately!forms!support!for!mandible!formation!(Chai!et!al.,!1994;!1998).!To!further!develop!Meckel’s!cartilage,!CNC[derived!cells!mix!with!non[CNC[derived!cells.!Although!tooth!and!upper!jaw/mandible!formation!is!directed!by!CNC!cells!(Oka!et!al.,!2007),!how!differential!gene!expression!is!programmed!and!gives!rise!to!these!two!anatomically!different!structures!still!remains!something!of!a!mystery.!!!! Teeth!develop!according!to!very!similar!processes!in!all!mammals!(even!among!all!vertebrates)!studied!thus!far.!Mouse!is!the!classic!model!system!for!characterizing!the!developmental[genetics!and!morphogenesis!of!mammalian!teeth;!albeit!only!for!incisors!and!molars!since!mice!canine!and!premolar!development!is!inhibited!(Peterkova!et!al.,!2005).!In!mice,!molar!teeth!develop!via!a!multi[step!process!that!starts!on!embryonic!day!(E)!11.5!and!finishes!much!after!birth.!Visually,!odontogenesis!begins!with!a!localized!thickening!of!the!oral!epithelial!cell!layer!(Figure!1).!Next,!at!about!E12,!this!epithelial!thickening!forms!a!placode,!which!begins!to!invaginate!into!the!underlying!mesenchyme!–!derived!from!CNC!cells!(Chai!et!al.,!2000)!.!This!process!subsequently!forms!a!“bud”,!one!of!the!early!classic!morphological!stages!(E13.5)!through!which!the!tooth!organ!passes!(Tucker!and!Sharpe,!2004).!Condensing!dental!mesenchyme!penetrates!into!the!bud!structure,!and!the!“cap”!stage!of!tooth!morphogenesis!begins!around!E14.5.!At!this!time!point,!the!cusp!pattern!of!the!tooth!begins!to!form.!Several!days!after,!at!E18.5,!the!organ!enters!the!“bell”!or!differentiation!stage,!when!cell!layers!such!as!odontoblasts!and!ameloblasts!begin!to!form!and!secrete!dentin!and!enamel,!respectively,!in!what!are!now!beginning!to!look!recognizably!like!teeth.!Depending!on!the!species,!tooth!development!continues!for!months!–!or!in!the!case!of!humans,!for!example,!years!–!
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after!birth!with!the!eruption!of!the!teeth!into!the!oral!cavity.!Figure!1,!below,!summarizes!the!stages!of!molar!odontogenesis!in!mice.!!!!!!!!!!!!!Figure!1.!Schematic!of!the!various!stages!of!molar!development!in!mice,!beginning!at!E11.5!with!the!epithelial!thickening,!further!development!and!differentiation!in7
utero,!and!eruption!after!birth.!(Adapted!from!Tucker!and!Sharpe,!2004).!! Odontogenesis!is!a!complex!process!that!involves!intricate!signaling!among!all!the!layers!and!parts!of!the!tooth!organ.!To!date,!over!300!genes!have!been!identified!to!play!a!role!in!normal!tooth!development!(Thesleff,!2006).!Some!of!these!genes!include!transformation!related!protein!63!(Trp63)7(Mills!et!al.,!1999);!msh!homeobox!1!(Msx1)7(Satokata!and!Maas,!1994);!Drosophila!distal[less!homologs!homeobox!1!and!27(Dlx)!(Thomas!et!al.,!1997);!members!of!the!bone!morphogenetic!protein!(BMP)!(Bei!et!al.,!2000;!Tasli!et!al.,!2014);!and!fibroblast!growth!factor!(FGF)!families!(ten!Berge!et!al.,!2008;!Liu!et!al.,!2013);!and!GLIS!family!zinc!finger!(Gli)!proteins!1[3!(Hardcastle!et!al.,!1998).!The!specific!roles!that!these!genes!play!in!tooth!and!jaw!development!have!been!the!subject!of!many!studies!and!will!be!discussed!later!in!this!thesis!with!respect!to!the!new!research!presented!here.!To!demonstrate!the!complexity!of!gene!function!in!coordinated!tooth!development,!I!
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will!now!discuss!the!known!and!distinct!genetic!needs!of!incisor!versus!molar!formation.!!!!
1.3%Molecular%differences%between%molar%and%incisor%development%in%
mice.%! As!just!noted,!any!specific!tooth[only!formation!requirements!have!yet!to!be!discovered;!however,!there!exists!a!number!of!studies!revealing!that!incisor!and!molar!development!generally!require!separate!genetic!pathways.!If!two!structurally!similar!organs!–!incisors!and!molars!–!are!governed!by!distinct!genetic!pathways,!than!it!is!plausible!to!propose!that!mandible!and!teeth!have!separate!genetic!pathways!for!their!respective!development.!Mice!have!one!incisor!separated!from!three!molars!by!a!toothless!space!known!as!a!diastema.!The!molecular!differences!between!incisor!and!molar!development!are!worth!discussing!briefly!in!order!to!appreciate!the!genetic!complexity!underlying!these!two!anatomically!similar!structures!that!are!different!in!their!localization!within!the!oral!cavity.!!!! Prior!to!any!signs!of!tooth!formation,!Fgf8!and!Bmp4!are!expressed!in!adjacent!and!non[overlapping!regions!within!the!oral!epithelium.!This!localized!expression!pattern!establishes!the!boundaries!of!molar!and!incisor!development,!respectively!(Caton!and!Tucker,!2009).!Zhang!and!colleagues!(2005)!reported!the!phenotypic!changes!associated!with!a!deletion!of!Fgf8,!which!included!the!complete!loss!of!molars!but!formation!of!normal!incisors.!Within!the!diastema!are!expressed!several!inhibitory!factors,!such!as!wingless[type!7b!(WNT[7B)7(Sarkar!et!al.,!2000);7sprouty!2!and!4!(Klein!et!al.,!2006);!and!ectodin!(Kassai!et!al.,!2005),!that!inhibit!the!formation!of!all!molar!and!incisor!teeth.!Within!tissues!that!form!normal!incisors,!β[catenin[TCF1[LEF1!complex!must!be!present!within!the!mesenchyme!(Fujimori!et!al.,!2010)%to!permit!the!expression!of!Bmp4,!which!further!induces!Msx1!expression.!Meanwhile,!suppressing!Barx1!expression!prevents!molar!formation!in!incisor[specific!epithelia!(Tucker!et!al.,!1998b).!Barx1!is!one!of!many!molar[specific!genes!
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that,!if!mis[expressed!in!the!developing!incisor!region,!will!direct!the!development!of!molars!where!incisors!should!be!(Tucker!et!al.,!1998b).!In!the!same!study,!Tucker!and!colleagues!(1998b)!showed!that!mesenchymal!FGF8!expression!positively!induced!Barx1!expression,!hence!driving!molar!formation.!It!is!important!to!note!that!although!Msx17is!initially!restricted!to!incisor!developing!regions,!at!the!bud!stage!Msx1!is!expressed!in!the!mesenchyme!surrounding!all!tooth!germs!and!is!needed!for!the!proper!formation!of!subsequent!cap!and!bell!stages!(Tucker!et!al.,!1998a).!Global!deletion!of!Msx21!therefore,!results!in!the!arrest!of!odontogenesis!at!bud!stage!for!all!teeth!(Satokata!and!Maas,!1994).!Further,!the!Dlx1!and!Dlx2!genes!known!to!participate!in!mandible!and!upper!jaw!skeleton!formation!are!also!required!for!molar!development:!a!mutation!in!both!genes!prevents!upper!jaw!molar!development,!yet!surprisingly,!incisor!formation!is!undisturbed!(Thomas!et!al.,!1997).!!!After!the!bud!stage,!molar!and!incisor!development!both!generally!involve!distinct!genetic!pathways,!comprising!Pitx17(Mitsiadis!and!Drouin,!2008),7Dlx717and7
27(Thomas!et!al.,!1997)!in!the!former!and!Special!AT[Rich!Sequence[Binding!Protein!2!(Satb2)7(Britanova!et!al.,!2006),7and7Hand717and727(Barbosa!et!al.,!2007)!in!the!latter.!If!this!complexity!underlies!the!genetic!differences!between!a!molar!and!an!incisor,!then!it!would!not!be!unreasonable!to!postulate!that!teeth!and!mandible!development!would!entail!even!more!complex!and!discrete7molecular!mechanisms.!!!
1.4%Current%knowledge%of%the%genetic%requirements%of%jaw%skeleton%
morphogenesis%! Of!course,!with!its!vital!role!in!anchoring!teeth!and!masticating,!the!jaw!skeleton!has!also!been!studied!extensively!in!the!past!three!decades,!particularly!towards!understanding!the!molecular!patterning!that!specifies!the!development!of!upper!jaw!versus!lower!jaw!skeletons.!Like!the!lower!dentition,!the!mandible!develops!from!within!the!MdP!(Theiler,!1989).!The!same!is!not!entirely!true!of!the!
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upper!dentition,!which!derives!from!not!only!the!MxP!but!also!from!the!nasal/frontonasal!prominences!(Theiler,!1989).!Returning!to!the!MdP,!the!common!embryonic!origin!of!the!lower!dentition!and!mandible!suggests!that!their!development!involves!a!common!set!of!genes!(Figure!3).!The!hypothesis!that!a!common!set!of!genes!dictates!both!lower!dentition!and!mandible!formation!has!led!to!several!studies!that!have!identified!a!collection!of!genes!that!play!important!roles!in!both!tooth!and!mandible!morphogenesis!(Peters!et!al.,!1998;!Sarkar!et!al.,!2000;!Harada!et!al.,!2002;!Tasli!et!al.,!2014).!While!these!genes!may!be!active!in!both!mandible!and!dental!tissues,!often!serving!similar!types!of!functions,!it!is!still!not!clear!whether!these!two!different!tissue!types!signal!to!each!other!in!order!to!orchestrate!their!development!in!space!and!over!time.!!Among!these!genes!that!play!a!dual!role!in!tooth!and!mandible!formation!is!the!family!of!Dlx!genes,!expressed!in!the!developing!appendages!of!at!least!six!phyla!(Panganiban!and!Rubenstein,!2002).!In!mice,!Dlx!genes!give!rise!to!six!different!protein!products!(DLX!1[6).!DLX!1,!2,!5,!and!6!are!specifically!restricted!to!the!MdP,!whereas!only!DLX!1,!and!2!are!found!in!MxP!(Depew!et!al.,!2002).!Astoundingly,!the!simultaneous!inactivation!of!only!Dlx5!and!Dlx6!converts!the!lower!jaw!to!an!upper!jaw!(Beverdam!et!al.,!2002;!Depew!et!al.,!2002;!Depew!et!al.,!2005).!Likely!in!part!because!Dlx!expression!patterns!differ!markedly!between!MdP!and!MxP,!they!express!different!downstream!genes.!DLX5!and!DLX6!collectively!promote!the!expression!of!heart!and!neural!crest!derivatives!expressed%(Hand)717and72;7paired[like!homeodomain!17(Pitx1); and gastrulation!brain!homeobox!2!(Gbx2)7in!the!MdP!(Jeong!et!al.,!2008).!Further,!DLX5!and!DLX6!suppress!the!MxP[specific!expression!of!Pou3f3!and!Foxl2!(Jeong!et!al.,!2008),!ostensibly!preventing!the!transformation!of!lower!jaw!to!upper!jaw.!!!Another!example!of!a!gene!acting!in!a!mandible[specific!formation!pathway!is!the!endothelin!converting!enzyme[1!(ECE[1),!known!classically!to!play!functional!and!developmental!roles!in!cardiac!(Yanagisawa!et!al.,!1998;!Yanagisawa!et!al.,!
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2000)!and!renal!systems!(Wada!et!al.,!1999).!A!mutation!in!Ece217causes!severe!craniofacial!defects,!including!incomplete!mandible!formation!(Yanagisawa!et!al.,!1998).!Interestingly,!in!Ece21!mutants,!molar!and!incisor!development!occur!normally!(Yanagisawa!et!al.,!1998),!suggesting!a!level!of!autonomy!between!the!mandible!and!its!respective!dentition.!Thus!while!much!work!remains!to!be!done,!scientists!today!have!a!good!understanding!of!how!jaw!skeleton!formation!occurs,!including!the!vast!array!of!genes!involved,!some!of!which!were!highlighted!above.!This!past!work!also!begs!the!question:!if!there!exists!a!jaw[specific!genetic!pathway!(or!two!pathways,!for!upper!vs.!lower!jaw!skeletons),!then!could!teeth!also!develop!via!an!exclusive!genetic!pathway?!That!tooth[like!structures!have!been!recognized!in!jawless!vertebrates!suggests!that!such!a!“tooth[only”!pathway!was!present!and!independent!of,!and!likely!prior!to,!any!initiation!of!mandible[forming!pathways!(Fraser!et!al.,!2009).!This!further!begs!some!“big!picture”!questions!that!are!central!to!this!research!project.!Specifically,!these!questions!are:!how!do!teeth!develop!and!evolve!in!tandem!with!the!jaw!skeleton?!Do!the!tooth!organs!receive!instructions!from!the!jaw!tissues?!Or!do!tooth!and!jaw!tissues!cross[talk!to!coordinate!changes!in!size,!shape!and!position?!Surprisingly,!in!current!understanding!of!tooth!and!jaw!skeleton!development,!little!is!known!about!the!genetic!products!exclusively!driving!odontogenesis.!It!is!probable!that!genes!that!specifically!direct!tooth!morphogenesis!may!have!a!minute!role!in!development!and/or!maintenance!of!the!mandible.!This!could!simply!be!due!to!the!close!proximity!between!the!developing!dental[upper!jaw!tissues,!thus!enabling!sharing!of!genes!expressed!in!one!tissue!or!the!other.!Also,!as!discussed!above,!several!genes!that!have!a!dual!role!in!both!dental!and!mandible!formation!have!been!identified!(Figure!3).!It!is!important!to!highlight!however,!that!identification!of!genes!within!this!thesis!would!primarily!function!in!the!process!of!odontogenesis!and!have!minimal!to!no!role!in!genesis!of!mandible.!Therefore,!I!propose!that!the!complex!and!yet!unknown!GRN!within!which!these!genes!function!is!specifically7found!in!regions!of!the!mesenchymal[ectodermal!space!that!is!dedicated!to!tooth!formation.!This!study!then,!is!an!attempt!to!unravel!a!few!candidate!genes!within!a!putative!odonto[specific!GRN.!!
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!How!then!can!one!explore!the!molecular!differences!involved!in!tooth!versus!jaw!morphogenesis!and!skeletogenesis?!It!would!be!ideal!to!generate!a!mutant!animal!model!that!develops!the!upper!and!lower!jaw!skeleton!normally!but!not!teeth,!thereby!genetically!and!physically!separating!the!jaws!from!their!dentitions.!Subsequent!genetic!testing!could!then!be!used!to!assess!how!the!molecular!profile!of!the!mandible!or!upper!jaw!is!altered!by!the!absence!of!the!dentition.!Comparison!of!the!mutant!to!a!wild!type!model!would!provide!useful!insights!about!genes!with!perturbed!expression,!thereby!partially!explaining!the!toothless!phenotype.!!!! The!Brdm2!mouse!mutant!offers!just!such!a!model!to!tease!apart!the!development!of!the!mandible!from!that!of!the!dentition.!The!Trp63!mouse!mutant,!generated!by!Mills!and!colleagues!(1999),!has!been!an!important!tool!in!understanding!the!roles!of!Trp63!in!the!development!of!all!epithelial[derived!structures!including!limbs,!hair!follicles,!skin!and!teeth!(Laurikkala!et!al.,!2006;!Koster!et!al.,!2007;!Wolff!et!al.,!2009).!Mills!et!al.!(1999)!generated!the!Brdm2!mouse!mutant!by!inserting!targeting!vector!(pTV12E)!to!truncate!the!messenger!RNA!at!exon!10!(Figure!2).!Interestingly,!amongst!researchers!who!use!the!Brdm2!mouse!mutant!generated!by!Mills!and!colleagues!(1999),!there!exists!a!debate!about!the!presence!of!transcriptional!and!subsequent!translational!products!of!the!mutated!
Trp63!gene.!In!their!original!report,!Mills!et!al.7(1999)!proposed!that!if!the!mutated!gene!was!translated,!the!resulting!protein!product!would!contain!an!intact!DNA[binding!domain!but!would!be!missing!the!highly!conserved!carboxyl!region!of!the!TRP63!protein.!Using!northern!blotting,!a!less!precise!technique!now!replaced!with!more!sensitive!assays,!the!authors!noted!the!absence!of!Trp63!transcripts!in!the!
Brdm2!mutant!embryos.!The!Trp63!gene!has!two!variants!–!TA2p637and!ΔN2p63!–!each!giving!rise!to!three!different!isoforms:!alpha!(α),!beta!(β),!and!gamma!(γ)!(Mills!et!al.,!1999).!TA[p63!contains!the!N[terminal!transactivation!(TA)!domain!whereas!the!ΔN[p63!lacks!this!domain!and!is!therefore!truncated!(Yang!et!al.,!1998).%A!few!years!later,!Laurikkala!and!co[workers!(2006),!revealed!using!western!blotting!that!
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in!the!homozygote!skin!there!is!a!complete!absence!of!the!α,!β,!and!γ!isoforms!belonging!to!the!ΔN[p63!variant.!Wolff!et!al.!(2009)!however,!challenged!this!idea!and!confirmed!via!extensive!reverse!transcription!quantitative!polymerase!chain!reaction!(RT[qPCR),!western!blotting,!and!luciferase!assay!that!at!least!the!γ!isoforms!is!present!within!the!homozygote!and!has!biological!activity.!Related!to!the!aim!of!probing!for!a!signaling!pathway!specific!to!odontogenesis!that!also!presumably!acts!in!the!Trp63!gene!regulatory!network,!this!thesis!will!examine!the!transcriptional!and!translational!products!of!the!Trp63!gene!in!the!homozygote!in!an!attempt!to!resolve!this!debate.!! Since!the!mutant!was!generated,!there!have!been!many!attempts!to!define!the!molecular!mechanisms!that!are!perturbed!to!cause!the!severe!Brdm2!mutant!phenotypes.!For!instance,!the!apical!ectodermal!ridge!(AER)!in!mice!forms!at!the!tip!of!the!limb!precursors!(Theiler,!1989).!Current!research!suggests!that!proper!signaling!in!the!AER!requires!FGF8,!WNT,!and!BMP!amongst!others!(ten!Berge!et!al.,!2008;!Benazet!and!Zeller,!2009;!Zeller!et!al.,!2009;!Zeller,!2010).!On!mutation!of!
Trp63,!FGF8!signaling!is!reduced!and!the!AER!fails!to!stratify!(Restelli!et!al.,!2014).!TRP63!is!also!known!to!participate!in!hair!follicle!formation,!and!the!ΔN[P63!variant!functions!in!the!developing!placodes!of!hair!follicles!(Romano!et!al.,!2010).!In!at!least!hair!follicles,!ΔN[P63!works!within!the!Wnt/β[Catenin!signaling!pathway!(Huelsken!et!al.,!2001;!Choi!et!al.,!2013)!to!drive!hair!follicle!stem!cell!survival!and!proliferation.!How!does!Trp637contribute!to!the!development!of!the!MdP,!specifically!the!tooth!primordia!in!E10[13!embryos?!Work!by!Laurikkala!and!colleagues!(2006)!has!shown!the!strong!presence!of!ΔN2p63!in!developing!molars!at!the!bud!stage!and!beyond.!Their!work!also!indicated!the!strong!presence!of!Fgfr2b,!
Jag1!and!Bmp7,!all!downstream!targets!of!ΔN2p63,!localized!within!or!adjacent!to!the!developing!tooth!organ!(Laurikkala!et!al.,!2006).!Are!these!downstream!targets!identified!by!Laurikkala!and!colleagues!(2006)!directing!only!the!formation!of!teeth!and!not!mandible?!This!question!will!be!discussed!in!the!next!section.!!
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The!Trp63!gene!continues!to!be!the!subject!of!myriad!developmental!studies,!primarily!due!to!the!central!role!of!Trp63!in!limb!embryogenesis!and!cancer/tumor!biology.!TRP637has7recently!been!found!to!target!over!a!1000!genes!in!keratinocytes!alone,!confirming!its!role!as!an!essential!master!transcription!factor!(Pozzi!et!al.,!2009).!!!!!!!!!!!!!!!!!Figure!2.!A)!Gene!locus!representing!the!Trp637gene!within!chromosome!16.!Differential!exon!(numbered!boxes)!splicing!yields!two!major!variants:!TAp63!and!
ΔN2p63!each!subdividing!into!α,!β!and!γ!isoforms.!B)!The!mutated!allele!generated!by!inserting!pTV12E!vector!after!exon!10.!(Adapted!from!Wolff!et!al.,!2009).!!! Mills!and!colleagues!(1999)!also!noted!in!the!Brdm2!mutants,!severe!morphological!defects!including!transparent!skin,!cleft!palate,!and!severely!truncated!limbs.!Histological!sectioning!revealed!that!the!AER,!required!for!the!proximal[distal!outgrowth!of!limbs,!was!completely!absent!by!E11.5!in!homozygote!embryos.!The!Brdm2!mutant!was!toothless,!yet!possessed!a!mandible,!but!because!
B"
A"
P63"locus"and"inser2on"muta2on"
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this!was!not!a!focal!point!for!the!authors,!this!phenotype!was!not!explored!further.!Rather,!recent!evidence!from!a!related!project!on!which!I!worked!has!shown!that!the!mandible!forms!virtually!unperturbed!in!homozygote!mice!relative!to!wild!type!or!heterozygote!littermates!(Paradis!et!al.,!2013).!Malformations!in!the!homozygote!mouse!were!restricted!to!epithelial[derived!structures:!dissection!of!abdominal,!thoracic,!and!brain!tissues!showed!no!abnormalities!(Mills!et!al.,!1999).!Homozygote!mice!showed!normal!central!nervous!system!development!(Holembowski!et!al.,!2011).!Mills!and!colleagues!(1999)!also!reported!that,!due!to!the!underdeveloped!skin!in!the!mutants,!30x!more!water!loss!was!seen!in!homozygotes!compared!to!heterozygote!and!wild!type!newborns.!The!mutation!therefore!was!lethal!shortly!after!birth.!Interestingly,!children!with!a!mutation!of!Trp63!display!similar!birth!defects!as!seen!in!mice,!including!ectrodactyly[ectodermal!dysplasia[!cleft!lip/palate!syndrome!(EEC),!adhesion!of!eyelids,!and!Rapp–Hodgkin's!syndrome!(Celli!et!al.,!1999;!McGrath!et!al.,!2001;!van!Bokhoven!et!al.,!2001;!Duijf!et!al.,!2002;!Kantaputra!et!al.,!2003;!Vanbokhoven!et!al.,!2011).!!!Referring!back!to!the!mouse!mutant!generated!by!Mills!et!al.!(1999),!how!can!the!presence!of!a!normal!mandible!and!yet,!a!complete!lack!of!teeth!be!explained!using!our!current!knowledge!of!early!embryonic!development?!One!approach!to!this!problem!would!require!referring!back!to!the!origins!of!these!two!tissues!types!during!early!embryogenesis.!As!was!mentioned!earlier,!both!tooth!and!mandible!are!derived!from!CNC!cells.!Could!it!be!that!a!mutation!of!Trp63!directly!hampers!the!ability!of!the!some!CNC!cells!to!direct!odontogenesis!and!yet,!have!no!real!effect!on!CNC!cells!that!promote!the!genesis!of!at!least!the!lower!jaw!skeleton?!Although!this!theory!is!speculative,!I!believe!it!could!partially!explain!how!this!interesting!mouse!mutant!forms!a!normal!mandible!despite!the!absence!of!the!dentition.!Another!point!to!consider!is!that!tooth!tissue!formation!at!E10!and!beyond,!must!require!normal!molecular!cross[talk!between!the!epithelial!and!underlying!mesenchyme!(Jheon!et!al.,!2013).!Conversely,!mandible!requires!appropriate!signaling!within!the!mesenchyme!in!which!they!form!and!mature,!and!have!virtually!no!need!of!a!
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functional!epithelium!for!normal!development!as!demonstrated!by!our!labs!recently!published!article!on!the!morphology!of!the!mandible!in!the!Brdm2!mutant!(Paradis!et!al.,!2013).!Thus!in!the!Brdm2!mutant,!tooth!formation!which!demands!epithelial[mesenchymal!interaction!is!disrupted,!whereas!mandible!formation!in!need!of!only!the!mesenchyme!develops!normally.!!!!
% %
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1.5%WellTknown%participants%in%odontogenesis%also%play%important%roles%
in%bone%formation.%%!Classical!studies!attempting!to!understand!the!genetic!basis!of!tooth!development!have!generally!revolved!around!the!following!genes:!Bmp77(Tasli!et!al.,!2014);!Fgf107(Harada!et!al.,!2002);!Fgf[receptor!2!(Rufini!et!al.,!2011);!Fgf87(Yang!et!al.,!1999);!Msx1!(Chen!et!al.,!1996);!sonic!hedgehog!(Shh)!(Sarkar!et!al.,!2000);!paired!box!9!(Pax9)!(Peters!et!al.,!1998);!and!tumor!necrosis!factor!(Tnf)!(Ohazama!and!Sharpe,!2004)!(Figure!3!below).!The!mentioned!genes!can!be!classified!into!a!group!of!“essential!factors”!that!largely!regulate!organogenesis!across!a!variety!of!animal!models!including:!Drosophila7melanogaster7(fruit!fly),!Danio7rerio7(zebrafish),!and!Mus7musculus7(mouse).!Hence,!because!of!their!multiple!roles!during!embryonic!development,!several!studies!have!also!discovered!that!these!“essential!factors”!participate!in!odontogenesis.!The!aforementioned!genes!are!just!a!few!that!are!regulated,!either!positively!or!negatively,!by!the!master!transcription!factor,!TRP63.!The!problem!here!is!that!many!of!these!“classic”!genes!are!involved!not!only!in!tooth!but!also!bone!morphogenesis!in!the!jaw;!hence,!the!roles!of!these!genes!do!not!appear!to!be!exclusive!to!tooth[only!regulatory!networks!or!at!the!very!least!make!it!nigh[impossible!to!test!for!dental!versus!mandible!signaling!pathways.!For!instance,!BMP7!interacts!with!BMP2!to!induce!osteogenesis!and!odontogenesis!in!human!tooth!germ!stem!cells!(Tasli!et!al.,!2014).!Furthermore,!combined!inactivation!of!
Bmp2,7Bmp4,!and!Bmp7!specifically!in!the!cranial!neural!crest!region!of!the!developing!mouse!embryo!results!in!truncated!bone!and!cartilage!development!(Bonilla[Claudio!et!al.,!2012).!Msx1!is!a!homeobox!gene!expressed!at!the!epithelial[mesenchymal!cell!border!required!for!normal!development!of!teeth!(Satokata!and!Maas,!1994),!limbs!(Bensoussan[Trigano!et!al.,!2011),!the!atrio[ventricular!cushion!(Chen!et!al.,!2008),!and!Rathke’s!pouch!(Lu!et!al.,!2000).!Prior!to!understanding!the!role!played!by!homeobox!genes!in!tooth!morphogenesis,!it!was!known!that!Msx1!expression!is!required!for!the!development!of!the!craniofacial!skeleton!(Alappat!et!al.,!2003).!Msx1[deficient!mice!have!cleft!plate,!deficient!alveolar!bone!(the!bone!that!
! 16!
houses!the!teeth)!and,!most!importantly,!arrested!tooth!development!(at!bud!stage)!(Satokata!and!Maas,!1994).!Other!evidence!revealed!that!a!mutation!in!mice!for!
Msx1!directly!hampers!mandible!outgrowth!via!apoptosis!in!cortical!bone!that!ultimately!decreases!bone!mineralization!(Nassif!et!al.,!2014).!Humans!with!mutated!Msx1!have!cleft!palate!and!tooth!agenesis!(Nassif!et!al.,!2014).!Thus,!Msx1!is!understood!to!play!crucial!roles!in!both!bone!and!tooth!development,!in!mice!and!humans.!Another!key!contributor!to!normal!tooth!formation!is!the!Tumor!necrosis!factor,!or!TNF7(Ohazama!and!Sharpe,!2004).!Recently,!this!gene!was!discovered!to!play!a!role!in!inducing!bone!resorption!via!osteoclastogenesis!(Zhao!et!al.,!2012).!In!addition,!the!SHH!protein,!well!known!for!its!role!in!odontogenesis!in!mice!has!been!shown!via!in7vitro7studies!to!possess!transcriptional!control!of!osteocalcin!mRNA!via!BMP[2!dependent!pathway!(Yuasa!et!al.,!2002).!It!is!apparent!that!most!of!the!genes!and!their!protein!products!that!have!well[established!roles!in!tooth!morphogenesis!are!also!known!to!function!in!bone!development,!remodeling!and!resorption!(Figure!3,!below).!This!is!at!the!heart!of!the!problem.!That!although!our!understanding!of!the!complex!genetic!requirements!of!dentition!and!mandible!development!has!tremendously!improved!within!the!past!two!decades,!our!comprehension!of!the!specific!genetic!needs!of!normal!tooth!formation!is!extremely!poor.!To!date,!only!
Trp63!has!been!shown!to!participate!in!a!currently!unknown!yet!probable!tooth[only!genetic!pathway.!One!of!the!main!goals!of!this!thesis!is!to!further!identify!potential!targets!of!Trp63!that!are!involved!in!this!odonto[specific!pathway.!I!believe!this!work!is!a!small!but!important!step!that!will!help!fill!the!vacuum!in!our!current!understanding!of!molecular!requirements!of!tooth!vs.!mandible!formation!and!ultimately!towards!resolving!fundamental!questions!about!how!vertebrates!develop!and!evolve.!!! I!hypothesize!that!there!are!signaling!pathways,!and!therefore!genes,!that!are!solely!responsible!for!either!tooth!or!mandible!development!but!not!both.!This!hypothesis!comes!from!acknowledging!the!evolutionary!differences!in!timing!of!teeth!versus!jaw!development!(Rucklin!et!al.,!2011),!and!the!observation!that!teeth!
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can!develop!in!cancerous!teratomas,!i.e.,!without!the!presence!of!either!the!upper!jaw!skeleton!or!mandible!(Ingale!et!al.,!2013).!Nonetheless,!normal!tooth!formation!can!only!occur!via!a!well[established!physical!connection!between!the!dental!epithelium!and!the!underlying!mesenchyme,!thereby!allowing!the!necessary!molecular!cross[talk!(Zhang!et!al.,!2005).!Appreciating!this!complexity!and!the!relatively!short!period!within!which!tooth!morphogenesis!occurs!alongside!a!history!of!mutant!animal!models!with!disrupted!dental!and!gnathic!development,!can!the!genetic!pathways!specifically!directing!odontogenesis!be!unraveled.!!!!!!!!!!!!!Figure!3.!Summary!of!the!current!knowledge!of!a!subset!of!genes!and!their!protein!products!needed!for!teeth!and!jaw!development.!As!of!yet,!no!targets!have!been!identified!to!specifically!regulate!only!tooth!morphogenesis!exclusive!of!jaw!morphogenesis!(green).!!So!far,!this!thesis!has!summarized!the!necessary!background!information!of!what!is!currently!known!in!tooth!versus!mandible!development!and!the!gaps!within!the!current!literature!pertaining!to!the!specific!requirements!for!tooth!morphogenesis.!I!have!briefly!highlighted!the!current!knowledge!that!is!available!on!genes!regulating!specifically!jaw!skeleton!development.!Furthermore,!I!have!briefly!reviewed!the!molecular!explanation!for!two!similarly!structured!organs:!molars!and!
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incisors,!particularly!the!different!genes!that!are!responsible!for!the!genesis!of!one!or!the!other.!Yet,!few!studies!have!focused!specifically!on!the!networks!that!allow!independent!but!complementary!development!of!dentitions!versus!jaw!skeletons.!It!is!important!here!to!understand!how!the!Brdm2!mutant!mice!can!help!us!identify!a!collection!of!genes!that!exclusively!participate!in!the!formation!of!teeth,!and!hopefully!the!mechanism!with!which!these!genes!interact!with!each!other!and!the!TRP63!protein!to!initiate,!develop!and!maintain!the!initiation!and!subsequent!stages!of!odontogenesis.!!!!
1.6%Towards%understanding%molecular%networks%specifically%involved%in%
tooth%morphogenesis%exclusive%of%jaw%development,%using%the%Trp63%
mouse%mutant.%!! A!few!years!ago,!Boughner!(2010,!personal!communication)!investigated!the!transcriptional!changes!between!E10[13,!in!the!MdP!extracted!from!homozygote7and7heterozygote!embryos.!Since!Trp637is!a!transcriptional!controller!of!many!genes,!a!mutation!within!its!gene!locus!would!obviously!have!great!consequences.!The!objective!of!the!microarray!analysis!was!to!determine!the!changes!in!gene!expression!caused!by!the!null[mutation!of!Trp63,!specifically!within!the!MdP!across!the!beginning!stages!of!odontogenesis!(E10[13).!Recall,!that!these!are!the!beginning!stages!of!tooth!development!in!mice!and!that!any!genetic!disturbance!in!these!early!stages!would!likely!result!in!no!teeth!at!all!or!a!deformed/perturbed!dentition.!Nonetheless,!the!microarray!showed!a!few!targets!of!Trp63!that!were!up[regulated!or!down[regulated!in!expression!and!had!established!relationships!to!tooth!development.!Some!examples!include!the!keratins!14/15!(Mills!et!al.,!1999)!and!membrane!bound!claudin!6!(Lopardo!et!al.,!2008).!However,!the!intent!of!the!microarray!was!to!identify!candidate!targets!of!Trp637that!were!altered!within!the!
Brdm2!mutant!MdP,!including!genes!with!no!previously!recognized!relationship!to!tooth!development.!The!microarray!test!was!the!first!study!that!we!know!of!to!start!to!unravel!the!genetic!needs!of!normal!tooth!formation!distinct!from!mandible!
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formation.!A!set!of!genes:!cerebellin!1!(Cbln1),7fermitin!17(Fermt1),7phospholipid!transfer!protein!(Pltp),7and7keratin!2[87(Krt228)!highlighted!in!the!microarray!(Table!1,!below),!had!no!previous!known!relationship!to!tooth!or!upper/lower!jaw!skeletal!morphogenesis!yet!showed!consistent!change!(decrease,!or!increase)!at!most!or!all!four!stages!of!development!studied!(E10[E13).!! As!stated!earlier,!the!Brdm2!mutant!fails!to!develop!all!epithelial[derived!structures!including!teeth!yet,!forms!a!normal!mandible.!Conversely,!the!mutant!often!develops!a!deformed!upper!jaw!as!noted!by!the!presence!of!facial!clefting!(Thomason!et!al.,!2008;!Thomason!et!al.,!2010).!The!microarray!analysis!showed!changes!in!expression!of!a!collection!of!genes!that!have!no!known!relationship!to!tooth!development.!As!such,!it!is!worthwhile!to!discuss!briefly!the!known!physiological!roles!and!cell/tissue!specific!expression!patterns!of!these!genes.!!Table!1.!Transcript!levels!change!in!the!homozygote!relative!to!normal[looking!heterozygote!in!E10[13!MdP.!!!!!!!
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Cbln1!is!a!15!kiloDalton!(kDa)!protein!that!is!primarily!restricted!to!expression!in!the!brain!(Kavety!et!al.,!1994).!CBLN1,!has!been!known!for!some!time!www.usask.ca(
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to!interact!with!glutamate!receptor!delta[2!(GRID2),!to!induce!new!synapses!in7vitro!and!in!adult!mouse!cerebellum!(Matsuda!et!al.,!2010).!CBLN1!is!also!vital!for!Purkinje!cells!within!the!cerebellum!for!synaptic!integrity!and!plasticity!(Hirai!et!al.,!2005).!In!addition,!CBLN1!inhibits!the!formation!of!inhibitory!synapses!within!the!mouse!cerebellar!Purkinje!cells!(Ito[Ishida!et!al.,!2014).!Convincing!evidence!suggests!that!multiple!homologues!of!CBLN1!have!been!detected!outside!of!the!cerebellum;!CBLN!1[4!are!present!in!human!adrenal!glands!(Rucinski!et!al.,!2009).!In!rats,!CBLN1!is!localized!within!the!membrane!and!cytoplasm!of!adrenocortical!cells!and!higher!expression!is!seen!within!the!cortex!compared!to!the!medulla!of!the!gland!(Rucinski!et!al.,!2009).!During!embryogenesis,!CBLN1!expression!is!detected!as!early!as!E10[13!in!the!mouse!brain,!and!its!expression!is!up[regulated!thereafter!(Miura!et!al.,!2006).!It!is!clear!than!that!despite!work!characterizing!the!roles!of!CBLN1,!it!has!yet!to!be!identified!as!a!potential!participant!in!the!development!of!teeth!or!the!upper!or!lower!jaw!skeletons.!!!! Fermt1,!also!known!as!kindlin[1,!is!one!of!the!genes!whose!mRNA!expression!was!decreased!in!the!homozygotes,!per!the!microarray.!FERMT1!protein!is!one!amongst!4!homologue!variants!known,!and!is!comparatively!the!largest!in!molecular!mass,!at!77!kDa!(Abcam,!Cambridge,!U.S.A.).!FERMT1!has!been!the!subject!of!quite!a!number!of!studies,!particularly!with!a!focus!on!its!function!in!keratinocytes.!FERMT1!has!been!shown!to!have!strong!expression!in!epidermal!keratinocytes,!principally!on!the!side!closest!to!the!basement!membrane!(Herz!et!al.,!2006).!Herz!and!colleagues!(2006)!have!also!revealed!that!due!to!a!deficiency!of!FERMT1!in!skin,!proliferation!of!keratinocytes!is!stunted,!and!apoptosis!signaling!is!active.!In7vitro,!a!deficiency!in!Fermt17in!keratinocytes!lead!to!similar!results!as!seen!in!skin:!reduced!cell!proliferation,!and!decreased!adhesion!to!basement!membrane.!It!has!been!shown!that!FERMT1!activity!is!dependent!on!β1!integrin!activation,!and!a!down[regulation!of!FERMT1!in!skin!leads!to!decreased!levels!of!β1!integrins!(Lai[Cheong!et!al.,!2010).!A!mutation!in!Fermt1!causes!kindler!syndrome,!a!rare!autosomal!recessive!disorder!in!humans!characterized!by!skin!blistering,!photosensitivity,!skin!
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atrophy,!and!an!increased!chance!of!skin!melanoma!(Has!et!al.,!2011).!Most!important!for!us!is!that!Fermt1!has!no!known!roles!in!odontogenesis!or!upper!or!lower!jaw!morphogenesis!and!from!previous!studies,!what!can!be!concluded!is!that!FERMT1!is!necessary!for!keratinocyte!survival!and!homeostasis!and!perhaps!has!structural!role!in!anchoring!the!epithelial!to!the!underlying!mesenchyme.!Consistent!down[regulation!of!Fermt1!in!the!MdP!across!E10[13!in!mutant!was!noted,!warranting!further!investigation!of!this!gene’s!participation!in!evolution!and!development!of!teeth!and!mandible.!!! !Phospholipid!transfer!protein!also!known!as!PLTP,!was!another!gene!that!was!shown!to!be!reduced!in!its!mRNA!expression,!albeit!only!at!E10[11.!As!the!name!suggests,!this!protein!has!primarily!been!studied!in!involvement!in!metabolism!of!high[density!lipoprotein!(HDL)!and!low[density!lipoprotein!(LDL).!PLTP!is!a!54kDa!protein!(Huuskonen!et!al.,!1998)!that!in!humans!is!strongly!expressed!in!the!ovary,!thymus!and!placenta!(Albers!et!al.,!1995).!In!mice,!PLTP!mRNA!transcription!is!activated!by!many!signals!one!of!which!is!a!high!fat,!high!cholesterol!diet!(Jiang!and!Bruce,!1995).!Pltp!transcription!is!also!triggered!in!alveolar!pre[type!II!epithelial!cells!exposed!to!hypoxia!(Jiang!et!al.,!1998),!suggesting!that!it!has!cell[specific!roles.!In!any!case,!an!overwhelming!majority!of!the!research!of!PLTP!function!focuses!on!its!relationship!with!HDL!and!LDL!metabolism.!Without!delving!too!deep!into!the!actual!mechanisms!with!which!this!protein!functions,!it!is!sufficient!to!recognize!that!PLTP!can!help!enlarge!HDL!particles!(Lusa!et!al.,!1996).!Further,!alpha[tocopherol,!the!most!common!form!of!Vitamin!E,!is!permitted!to!transfer!between!various!cellular!compartments!with!the!help!of!PLTP!(Kostner!et!al.,!1995;!Desrumaux!et!al.,!1999).!Mice!with!mutated!PLTP!therefore,!exhibit!disruption!of!cholesterol!transfer!into!HDL!(Jiang!et!al.,!1999).!Recent!work!by!Vuletic!and!co[workers!(2003),!has!demonstrated!strong!presence!of!PLTP!in!neurons,!astrocytes,!microglia,!and!oligodendroglia!in!the!human!brain.!Interestingly!these!researchers!also!demonstrated!that!a!marked!increase!of!PLTP!levels!were!observed!in!brain!tissue!affected!by!Alzheimer’s.!Therefore,!PLTP!protein!is!not!only!involved!in!lipid!
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processing!in!cells,!but!also!activated!in!response!to!biochemical!stress!and!disease.!However,!the!relationship!of!PLTP!with!TRP63,!has!not!been!studied.!Also,!from!published!work,!it!seems!that!PLTP!has!little!to!no!role!in!any!developmental!processes.!However,!according!to!the!microarray,!the!mRNA!levels!of!this!gene!were!altered!amongst!the!homozygote!MdP!at!E10[11,!the!very!beginning!stages!of!odontogenesis.!Further!examination!of!the!mRNA!and!protein!levels!of!this!gene!is!therefore!necessary.!!! Knowing!that!Trp63!acts!as!a!“molecular!switch”!allowing!the!expression!of!many!genes!and!that!the!Brdm2!mutant!fails!to!develop!all!epithelial[derived!tissues!particularly!teeth,!I!hypothesize!that!there!is!a!yet!unknown!molecular!mechanism!dependent!on!Trp63!that!is!in!control!of!odontogenesis!and!is!disturbed!within!the!
Brdm27mutant.!In!the!Brdm2!mutant,!this!theoretical!GRN!is!compromised,!and!can!be!detected!via!RT[qPCR!and!western!blotting.!The!genes!under!investigation:!Cbln1,!
Pltp,!and!Fermt1,!I!propose,!have!little!to!no!role!in!normal!morphogenesis!of!Meckel’s!cartilage!or!the!dentary!bone,!the!two!elements!that!make!up!the!lower!jaw!skeleton/mandible.!If!both!the!protein!as!well!as!the!mRNA!levels!of!the!genes!to!be!studied!are!altered!then!this!will!validate!the!microarray!results!and!strengthen!the!hypothesis!that!these!genes!act!in!a!tooth[specific!regulatory!network!that!has!little!or!no!effect!on!the!lower!jaw.!!
1.7%Translating%molecules%to%morphology%by%combining%genetic%insights%
with%3D%imaging.%! It!is!important!to!note!that!although!the!complex!GRN’s!involved!in!tooth!and!jaw!development!can!help!us!explain!at!a!molecular!level!the!morphogenesis!of!these!two!structures,!it!is!equally!important!to!characterize!the!gross!morphology!orchestrated!by!these!GRNs!such!that!teeth!grow!within!jaws!in!the!proper!place!at!the!proper!time!to!naturally!fit!“side[by[side”!within!the!mandible!and!the!upper!jaw!skeleton!(i.e.,!in!the!premaxilla!and!maxilla!bones).!Since!teeth!and!jaw!
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skeletons!develop!in!close!proximity!to!one!another,!they!may!influence!each!other’s!development!but,!either!way,!whatever!developmental[genetic!mechanisms!coordinate!the!spatial!organization!of!teeth!and!jaws!are!still!largely!unknown.!!One!of!the!main!reasons!for!this!knowledge!gap!is!that,!conventionally,!researchers!have!used!2D!histological!techniques!to!study!the!sizes,!shapes!and!positions!of!3D!structures.!For!example,!Radlanski!and!co[workers!(2003)!reconstructed!in!3D!the!MdP!from!sectioned!(i.e.,!2D)!human!embryos!and!fetuses,!to!understand!the!growth!processes!that!develop!a!mature!mandible.!Some!studies!have!used!relatively!new!forms!of!microscopy,!with!minimal!use!of!harsh!chemicals!that!destroy!tissue!to!study!the!development!of!teeth!in!2D!(Pan!et!al.,!2014).!Lungova!and!colleagues!(2011)!used!2D!histology!sections!of!tooth[bone!tissue!that!were!virtually!stacked!using!special!software!to!reconstruct!and!visualize!developmental!morphology!in!3D.!Chlastakova!and!colleagues!(2011)!also!used!histological!sections!to!reconstruct!the!3D!organization!of!third!molars!with!respect!to!the!jaws.!A!commonality!amongst!the!aforementioned!techniques!is!the!physical!destruction!of!the!sample!compounded!by!the!error!introduced!by!the!virtual!reconstruction!process.!In!order!to!best!understand!the!physical!relationship!between!the!growing!jaw!skeletons!and!teeth,!preservation!of!all!tissues!in!their!actual!3D!organization!is!optimal.!Newer,!non[destructive!imaging!modalities!such!as!micro[Magnetic!Resonance!Imaging!(μ[MRI),!micro[Computed!Tomography!(μ[CT),!Optical!Projection!Tomography!(OPT)!and!micro[Ultrasound!(μ[US)!can!be!used!to!study!internal!tissues!without!the!need!for!dissection.!These!various!scanning!techniques!carry!their!own!limitations!including!cost!and!availability,!yet!offer!unique!advantages!for!seeing!and!measuring!in!3D!the!structures!within!tiny,!intact!specimens!such!as!mouse!embryos.!!!! !Micro[MRI!imaging!has!advanced!over!the!past!few!years!such!that!current!models!offer!resolutions!as!high!as!25[100!μm.!This!imaging!modality!is!particularly!safe!for!live!animal!imaging!as!μ[MRI!exploits!paramagnetic!properties!of!naturally!
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occurring!hydrogen,!or!of!contrast!media!containing!gadolinium!(Zhou!and!Lu,!2013)!or!manganese!(Pan!et!al.,!2011).!These!contrast!agents!are!used!extensively!in!clinical!settings!because!they!are!safe!to!ingest!or!inject!in!small!quantities.!Contrast!agents!help!enhance!how!various!tissues![!such!as!musculature!and!connective![!react!to!the!magnetic!fields.!Detailed!soft!tissue!imaging!is!often!possible!even!without!contrast!dyes!such!as!iodine!and!other!toxic!compounds.!This!non[radioactive!imaging!modality!also!overcomes!the!problem!of!radiation!dose,!a!major!issue!in!μ[CT!of!live!animals.!Despite!all!these!benefits,!μ[MRI!has!some!serious!drawbacks!for!my!particular!research!aims.!Firstly,!μ[MRI!machines!are!expensive!and!rare!compared!to!desktop!μ[CT!machines,!thus!limiting!access.!Secondly,!the!maximum!resolution!of!25!μm!would!simply!be!unable!to!visualize!newly[forming!tooth!organs!in!any!great!detail.!Lastly,!scan!times!can!be!arduously!long!(6[24!hours)!if!detailed!high!resolution!imaging!is!needed!(Turnbull!and!Mori,!2007),!making!this!imaging!modality!cumbersome!and!simply!unusable.!!!! Micro[US!detects!high!frequency!sound!waves!that!penetrate!tissues!to!generate!2D!or!3D!images.!Like!μ[MRI,!ultrasonic!waves!are!generally!considered!to!be!harmless!in!comparison!to!X[rays.!Portability!and!cost[effectiveness!in!μ[US!machines!make!them!an!ideal!choice!for!quick!general!scanning!at!the!clinic.!Current!resolution!of!30!μm!is!possible!(Foster!et!al.,!2009),!however!there!are!experiments!that!report!a!resolution!as!high!as!10[20!μm!(Rissanen!et!al.,!2008),!which!would!allow!for!the!visualization!of!all!stages!of!tooth!formation.!However,!sound!wave!penetration!is!limited!to!approximately!3!cm!below!the!skin!(Foster!et!al.,!2000),!which!can!be!a!problem!for!morphological!studies!using!adult!mice!or!rat!specimens.!Secondly,!there!exist!only!a!few!companies!that!produce!μ[US!systems;!VisualSonics!(Toronto,!Canada)!and!Exact!Imaging!(Toronto,!Canada),!making!this!imaging!modality!relatively!rare.!! Micro[CT!has!been!used!for!many!years!since!its!first!use!by!Elliot!and!colleagues!(1982),!imaging!the!internal!anatomy!of!a!tropical!snail.!Since!then,!
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desktop!μ[CT!technology!has!drastically!improved!and!become!an!indispensable!scanning!tool!in!the!physical!and!biological!sciences.!For!instance,!μ[CT!scanning!is!used!today!to!study!specimens!as!large!as!whole!fish!and!mice!embryos!(Metscher,!2009a)!to!tiny!miniscule!tissue!structures!within!bone!(Britz!et!al.,!2010).!Further,!the!use!of!synchrotron[based!μ[CT!has!recently!grown!among!researchers!in!biological!and!physical!sciences.!Synchrotrons,!although!rare,!offer!a!few!uniquely!powerful!and!advantageous!features!including!a!monochromatic!X[ray!source,!the!capacity!to!scan!using!different!modes!of!CT!(i.e.,!absorption,!phase!contrast),!a!larger!photon!flux!to!shorten!scanning!time,!and!inter[changeable!camera!systems!that!enabling!extremely!high!resolution!imaging!(Lewis,!1997).!!!One!of!the!goals!of!my!project!was!to!compare!synchrotron!and!desktop!μ[CT!scanning!in!order!to!try!to!visualize!in!high[level!detail!the!real[life!3D!morphology!and!structure!of!teeth!as!they!actually!are!positioned!in!the!jaws!by!scanning!whole!embryonic!heads.!This!aim!included!piloting!a!tissue!contrast!agent!called!Protargol,!which!is!a!silver[based!stain!previously!used!only!to!visualize!nerves!in!the!mouth!but!not!specifically!teeth!or!tooth!organs.!Protargol!was!first!used!when!Bodian!(1936)!developed!a!protocol!to!stain!with!Protargol!and!copper!nerve!fibers!embedded!in!paraffin.!This!method!for!studying!nerve!tissues!was!simplified!and!shortened!to!two!hours!by!others!(Davenport!et!al.,!1939;!Foley,!1943).!Until!my!study,!Protargol!had!not!been!tested!as!a!contrast!agent!for!whole!(i.e.,!unsectioned)!tissues!such!as!intact!embryos.!Other!tissue!contrast!agents!such!as:!PTA!(Metscher,!2009b),!Iodine[Potassium!agent!(IKI)!(de!Crespigny!et!al.,!2008),!and!osmium!tetraoxide!(Johnson!et!al.,!2006;!Ribi!et!al.,!2008)!have!been!successfully!used!for!μ[CT!imaging!whole!embryos!(e.g.,!mouse,!chick).!Most!of!these!staining!agents!however!are!toxic!in!very!small!quantities!and!thus!riskier!to!work!with,!and!involve!more!complex,!multi[step!protocols!to!get!the!stain!successfully!absorbed!into!the!tissue.!Thus!a!simpler,!less!toxic!tissue!contrast!protocol!that!would!quickly!capture!at!high!resolution!and!in!digital!format!the!morphology!of!tooth!organs!within!the!
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developing!jaw!would!be!a!significant!and!useful!new!tool!for!the!greater!scientific!community.!!!!Between!synchrotron!and!desktop!μ[CT!scanning,!I!predict!perhaps!obviously!that!the!former!would!be!superior!to!the!latter!in!visualizing!in!3D!as!the!earliest!developmental!morphology!of!teeth!and!jaws!in!clear!microscopic!detail.!This!prediction!stems!specifically!from!the!ability!to!tune!the!synchrotron!radiation,!or!beam,!to!the!specific!energy!that!excites!silver!particles!only!to!generate!maximum!contrast!in!any!silver[impregnated!tissues.!As!silver!has!a!K[edge!of!25.5!KeV,!this!lower!energy!is!certainly!achievable!using!the!Canadian!Light!Source!synchrotron.!Furthermore,!the!camera!system!setup!allowing!resolutions!of!8!μm!or!higher!would!be!adequate!to!visualize!the!various!structures!of!the!tooth!in!histology[like!detail.!Based!on!past!reports!using!conventional!desktop!μ[CT,!I!predicted!that!while!this!scanning!system!would!visualize!tooth!organs!it!would!not!be!able!to!show!the!specific!structures!within!the!tooth!organ!(i.e.,!histological!detail).!!!! To!conclude,!the!Brdm2!mutant!mouse!model!is!uniquely!useful!in!deciphering!the!molecular!pathways!that!permit!the!normal!formation!of!the!mandible!in7absentia!of!its!dentition.!The!corresponding!expectation!is!that!the!expression!of!genes!perturbed!in!this!mutant!will!thus!relate!only!to!tooth,!and!not!mandible,!development.!The!next!chapter!of!this!thesis!reports!the!results!of!my!work!testing!the!veracity!of!the!microarray!assay!using!RT[qPCR.!Using!western!blotting,!I!probed!protein!levels!of!the!respective!mRNAs!to!further!confirm!the!expression!differences!reported!via!the!microarray!in!Brdm2!mutant!embryos.!Chapter!3!reports!the!outcomes!of!the!novel!method!developed!to!image!in!3D!the!morphology!of!embryonic!teeth!and!jaw!skeletons.!This!information!will!help!us!characterize!the!autonomous!versus!dependent!developmental[genetic!interactions!between!tooth!and!jaw!tissues,!as!well!as!the!“close[knit”!physical!arrangement!between!dental!and!gnathic!tissues,!at!least!in!a!mouse!model!system.!!
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!
1.8%Experimental%Objectives%and%Hypotheses%!!
Aim)1)To!validate!using!RT[qPCR!experiments!the!results!of!the!microarray!analysis!by!focusing!on!Trp63!as!well!as!a!subset!of!genes!with!no!previously!established!relationship!to!tooth!or!mandible!development.!!
7
Hypothesis7and!Prediction717
• I!hypothesize!that!RT[qPCR!and!microarray!results!will!be!congruent,!i.e.,!I!predict!that!both!will!show!in!the!homozygote!MdPs!increased!expression!of!
Cbln17and!Krt228!and!decreased!expression!of!Trp63,!Fermt1!and!Pltp.!!
)
)
Aim)2)To!test!using!western!blotting!if!protein!levels!mirror!mRNA!levels!reported!by!the!microarray!analysis!for!the!same!genes!specified!(excluding!KRT2[8!and!chemokine!(C[X[C!Motif)!ligand!14!(CXCL14)).!!
Hypothesis7and7Prediction727
• I!hypothesize!that,!congruent!with!the!microarray!and!RT[qPCR!results,!western!blotting!will!show!increased!expression!of!CBLN1!and!decreased!expression!of!TRP63,!FERMT1!and!PLTP.!!!!
Aim)3)To!visualize!tooth!organogenesis!in7situ!in!3D!using!Protargol!to!deeply!penetrate!uncut,!whole!soft!tissue!in!mouse!embryos.!!
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Hypothesis7and!Prediction737
• I!hypothesize!that!visualizing!tooth!organogenesis!in!3D!in!whole!embryos!is!possible!using!Protargol!as!a!tissue!stain!alongside!a!beam!energy!near!the!silver!K[edge!using!high[resolution!μ[CT!imaging!at!the!synchrotron.!!! !
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2%Molecular%perturbations%in%the%MdP%of%Trp63%mutated%mice%%!
2.1%Introduction% !! The!aim!of!the!work!presented!in!this!chapter!is!to!help!identify!and!characterize!new!functions!for!genes!and!their!protein!products!in!the!formation!of!teeth!but!not!the!mandible.!This!chapter!focuses!on!testing!the!mRNA!and!protein!levels!amongst!wild!type,!heterozygote,!and!homozygote!MdP!of!mouse!embryos!aged!E10[13!for!Cbln1,!Pltp,!Fermt17and!Trp63,!whilst!assessing!only!the!transcript!levels!of!Cxcl14!and7Krt228!for!reasons!explained!shortly.!As!revealed!by!microarray!analysis,!the!expression!of!these!genes!was!either!up[regulated!or!down[regulated!in!the!homozygote!compared!to!the!phenotypically!normal!heterozygote.!Hence,!the!primary!goal!of!the!present!study!was!to!validate!the!microarray!results!by!testing!whether!the!expression!of!these!same!genes!and!their!protein!products!was!similarly!up[!or!down[regulated!in!the!homozygotes!as!shown!by!RT[qPCR!(for!mRNA)!and!western!blotting!(for!protein).!I!studied!the!expression!of!Trp63!mRNA!and!protein!not!only!as!another!type!of!experimental!control!but!also!because!of!ongoing!debate!amongst!researchers!about!whether!proteins!from!the!various!isoforms!of!Trp637are!synthesized!in!the!homozygote!despite!the!mutation!of!both!
Trp63!alleles.!!!! I!hypothesize!first,!that!the!genes!identified!by!the!microarray:!Cbln1,!Pltp,!
Fermt1,!Krt228,!Cxcl147and!Trp63!are!notably!different!in!their!mRNA!and!protein!levels!in!the!homozygote!MdP!compared!to!heterozygote.!Second,!since!the!Brdm2!mutant!mouse!develops!virtually!normal!mandible!but!no!teeth,!I!would!not!expect!that!the!genes!involved!in!mandible!development!would!be!perturbed!at!the!transcript!and!protein!level!in!Brdm27mutant.!If!the!transcript!and!protein!expression!for!the!studied!genes!collectively!reveal!the!genetic!changes!within!the!homozygote,!than!this!would!point!to!an!as!yet!unexamined!GRN!network!that!is!specifically!dictating!tooth!morphogenesis!exclusive!of!mandible!development.!!
%
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2.2%Materials%and%Methods%! All!the!following!studies!used!prenatal!mice!derived!from!the!B6.129S7[
Trp63tm2Brd/J!strain!(Jackson!Laboratory,!Sacramento,!U.S.A).!Heterozygote!mice!were!bred!and!pregnant!dams!were!taken!care!of!by!a!professional!animal!technician!in!the!Animal!Care!Facility!in!the!Health!Sciences!Building!at!the!University!of!Saskatchewan.!Between!10!and!13!days!post[coitum,!pregnant!females!were!sacrificed!by!cervical!dislocation!in!accordance!with!University!of!Saskatchewan!animal!use!protocol!#20110008,!and!Biosafety!protocol!#R[ANA[15.!Immediately!after!sacrifice,!all!embryos!were!extracted!from!the!uterus.!Next,!MdP!and!tail!tissue!were!dissected!out!and!placed!in!L[15!media!(Life!Technologies,!Carlsbad,!U.S.A.)!for!subsequent!DNA,!RNA,!or!protein!work.!!!The!microarray!was!performed!by!Dr.!Julia!Boughner!(2010)!on!MdP’s!using!the!two!genotypes!(Heterozygote!and!Homozygote)!aged!E10[13,!when!odontogenesis!begins!in!mice.!Hence,!as!done!for!the!microarray!work,!RT[qPCR!experiments!(below)!were!performed!using!embryos!aged!between!E10[13.!!
%
2.2.1%DNA%extraction%and%genotyping%! Tail!clips!or!whole!heads!were!snap[frozen!dry!at![20!°C!until!DNA!extraction!and!subsequent!polymerase!chain!reaction!(PCR)!work!was!done.!DNA!was!extracted!using!Phire!Tissue!Direct!PCR!master!mix!(Thermo!Scientific,!Waltham,!U.S.A.).!DNA!release!buffer!(0.5!μl)!and!dilution!buffer!(20!μl)!were!added!to!each!tissue!sample,!and!incubated!at!room!temperature!(RT)!for!5!min.!Thereafter,!samples!were!heated!at!98!°C!for!2!min.,!and!then!the!supernatant!collected!and!stored!at![20!°C!until!thawed!for!PCR!and!electrophoresis!work.!For!quality!control,!purified!DNA!was!occasionally!tested!for!quantity!and!quality!using!NanoVue!plus!spectrophotometer!(GE!Life!Sciences,!Pittsburg,!U.S.A.).!!!
! 31!
Brdm2!toothless!mutants!were!easily!distinguishable!from!phenotypically!normal!wild!type!and!heterozygote!embryos!(Figure!4).!!!!!
%
%
%
%
%
%
%
%
%
%Figure!4.!Morphological!differences!between!wild!type!(Trp63+/+)!and!mutant!(Brdm2)!embryonic!and!adult!mice.!A)!Healthy!limb!bud!outgrowth!in!a!normal!embryo!with!functional!Trp63!alleles.!B)!Underdeveloped/atrophied!limb!buds!in!an!embryo!with!Trp63!mutated!at!both!alleles.!C)!Newborn!mouse!with!functional!
Trp63!gene!in!contrast!to!D),!a!newborn!mouse!with!both!Trp637alleles!mutated.!(Adapted!from!Mills!et!al.,!1999).!!!! Because!homozygote!mice!displayed!from!at!least!E9.5!striking!morphological!deformities!including!absence!of!limbs,!thin!and!underdeveloped!epithelial!skin,!and!generally!smaller!body!size!it!was!not!necessary!to!genotype!these!embryos.!Nonetheless,!the!homozygote!tail!clips!were!collected!and!used!as!positive!controls!for!the!PCR!work.!Conversely,!distinguishing!the!morphologically!similar!heterozygote!and!wild!type!mice!did!require!doing!PCR!using!primers!complementary!to!the!Trp637insertion!mutation.!Presence!of!Trp63!insertion!mutation!was!detected!with!the!following!primers:!!
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ectodermal±mesenchymal signalling is perturbed in p63-homozy-
gous mutant limbs. Appropriate interactions between the ectoderm
and the mesenchyme are essential for AER formation, and pertur-
bation of these interactions underlies the li b defect observed in the
chick mutant limbless13. The phenotype observed in p63-deÆcient
limbs is similar to the limbless mutant in several respects. Both of
these mutants express Msx-2 in the limb-bud mesenchyme, but do
not appear to express Msx-1 and Fgf-8. Furthermore, no morpho-
logically distinct AER is detected in either of these mutants. As is the
case for the limbless mutant, the limb truncations of p63-null mice
are likely to be due to a defect in ectodermal±mesenchymal
interactions, resulting in a lack of AER formation at the distal tip
of the limb bud at the dorsal±ventral boundary of the ectoderm.
Indeed, the limb truncations observed in p63-null animals are
reminiscent of the limbs that are formed after surgical removal of
the AER14.
Other structures that require ectodermal±mesenchymal interac-
tion during morphogenesis were examined in p63-deÆcient mice,
using expression of Lef-1 as a marker. Lef-1 is normally expressed
within the ectoderm of hair placodes, the precursors of hair follicles,
and within mammary buds before morphogenesis, providing a cue
to the underlying mesenchyme to initiate development of the
appropriate structure15. In p63-deÆcient mice, Lef-1 is not expressed
within the ectoderm overlying the site at which whisker follicles
(Fig. 4c) and mammary buds normally form (data not shown),
suggesting that ectodermal±mesenchymal signalling is perturbed.
At birth, p63-deÆcient mice have striking and visible skin defects.
Histological analysis of neonatal p63-deÆcient skin revealed the
a
b c
d e
Figure 2 The phenotype of p63-deÆcient newborn mice. a., Matings between
p63-heterozygous mice produce wild-type and heterozygous offspring that are
overtly normal and p63-deÆcient mice that have severe limb and skin defects. b,
Skeletons of wild-type, p63-heterozygous and p63-homozygous mutant animals
were stained for cartilage (blue) and bone (red). c, Forelimbs of p63-homozygous
mutant mice are truncated; the phalanges, radius and ulna are absent and the
humerus is deformed. Abbreviations: c, clavicle; h, humerus; r, radius; s, scapula;
u, ulna. d, Hindlimbs are absent in p63-deÆcient animals. e, Incisors (arrowheads)
and a prominent alveolar ridge (arrows) are not present in p63-deÆcient mice.
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Figure 3 Analysis of p63-deÆcient limbs during embryogenesis. Scanning
electron microscopy and histological analysis of wild-type (WT, left) and p63-
deÆcient (mutant, right) embryos indicates that the AER is absent in p63-
homozygous mutant embryos (arrows).
p63
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c
Figure 4 Analysis of expression in wild-type and p63-deÆcient limbs. a,
Expressionofp63usingwhole-mount (left) and se tion (right) i situ hybridization.
At E9.5, expression is detectable in the branchial arch and the forelimb bud, and
within the tailbud region (arrowheads). At E10.5, expression of p63 is evident in
the oral epithelium (arrowh ads). p63 is expressed within the AER (arrowhead)
with the dorsal and ventral ectoderm of developing limbs at E11.5. b, E10.5
embryos were analysed for expression of Lmx-1, Fgf-8, Msx-1 and Msx-2. p63-
deÆcient limbs do not have an appropriate dorsal±ventral boundary of Lmx-1
expression (arrowhead ). Fgf-8 is not detectable in the limbs of p63-deÆcient
embryos at E10.5 (red arrows). Expression of Msx-1 is absent, whereas
expression ofMsx-2 is normal in the limbs of p63-deÆcient animals (arrowheads).
c, Analysis of E12.5 embryos for Lef-1 expression. Note that Lef-1 is expr ssed in
the wild-type embryo but not in the mutant in the whisker pad (asterisks),
supraorbital and suborbital follicles (arrows).
A" B"
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!!Forward!(oIMR1029)!5’![!GTG!TTG!GCA!AGG!ATT!CTG!AGA!CC![!3’;!!!!!!!!!!!!!!!!!!!!!Reverse!(oIMR1030)!5’![!GGA!AGA!CAA!TAG!CAG!GCA!TGC!TG![!3’.!!!If!present,!this!amplified!insertion!mutation!yields!a!sequence!that!is!410!base!pairs!(bp)!in!length.!!!Genomic!sequence!coding!for!T[cell!receptor,!an!internal!positive!control,!was!also!amplified,!with!a!product!length!of!210!bp,!using!the!following!primers:!!!Forward!(oIMR8744)!5’![!CAA!ATG!TTG!CTT!GTC!TGG!TG!–!3’!!Reverse!(oIMR8745)!5’![!GTC!AGT!CGA!GTG!CAC!AGT!TT![!3’.!!!Primers!were!designed!and!validated!by!Jackson!Laboratories!and!purchased!from!Sigma.!Refer!to!the!following!link!for!more!primer!and!PCR!protocol!information:!!http://jaxmice.jax.org/protocolsdb/f?p=116:2:753578398088607::NO:2:P2_MASTER_PROTOCOL_ID,P2_JRS_CODE:5248,003568.!!!All!PCR!reaction!ingredients!listed!below!were!stored!at![20oC,!and!thawed!on!ice!before!preparing!the!master!reaction!mixture.!Note,!TAQ!polymerase!was!added!at!the!end!of!Step!1.!Each!PCR!reaction!mixture!consisted!of!the!following:!!!!!!!!!
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!!!!!!!!!!!!!!!!!!!Thermocycler!(Bio[Rad,!Hercules,!U.S.A.)!was!programmed!with!the!following!protocol:!!!!!!!!!
Ingredient% Volume%(μL)%Forward!Primer! 0.375!Reverse!Primer! 0.375!10x!Buffer![!MgCl2!(Invitrogen)! 1.5!dNTP!10μM!(Invitrogen)! 3.0!50x!MgCl2!(Invitrogen)! 0.75!Ultra!pure!H20!(Gibco)! 7.85!DNA! 0.5[1.0!TAQ!polymerase!(Invitrogen)! 0.150!
Total%volume% 14.5T15%
1.!94oC!for!5min!2.!94oC!for!30sec!3.!55oC!for!30sec!4.!72oC!for!30sec!5.!Back!to!step!2!and!repeat!32x!6.!72oC!for!5min!7.!4oC!hold!
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!! After!heating!the!thermocycler!to!the!temperature!noted!in!Step!1,!the!program!was!paused!for!only!as!long!as!it!took!to!add!0.150!μl!of!TAQ!polymerase!to!each!reaction!mixture!–!that!is,!each!sample!tube!–!still!on!ice.!Afterwards,!all!tubes!were!placed!into!the!thermocycler!and!the!program!was!resumed!and!allowed!to!run!to!completion.!!! Upon!completion!of!the!PCR,!tubes!were!removed!from!the!thermocycler!and!placed!on!ice!(or!overnight!in!the!4oC!fridge).!Next,!4!μl!of!5x!Blue!Juice!(Life!technologies,!Carlsbad,!U.S.A.)!was!added!to!each!PCR!product!(i.e.,!sample!tube)!and!loaded!into!a!1.5%!agarose!gel!(Invitrogen!Ultra[Pure!Agarose,!Life!technologies,!Carlsbad,!U.S.A.)!that!was!made!in!1x!TAE!(2M!tris!acetate,!.05M!EDTA,!pH!8.3.!Life!technologies,!Carlsbad,!U.S.A.)!with!0.4x!Gel!Green!added!(Biotium,!Hayward,!U.S.A.).!The!electrophoresis!gel!was!then!run!for!approximately!1h!at!100!Volts.!The!gel!was!imaged!using!a!UVP!BioDoc[It!imaging!system!(UVP,!Upland,!U.S.A.)!(Figure!5).!!!!!!!!!!!!!!
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%!!
%
%
%
%
%
%
%
%Figure!5.!A!UV[lit!agarose!gel!showing!the!amplified!internal!control!band!(200bp)!and!mutated!allele!in!heterozygote!(Trp63+/2)!or!Trp632/27homozygote!(Brdm2)!via!amplification!of!a!400bp!band.!The!absence!of!a!400bp!band!indicates!that!both!alleles!are!normal!and!the!embryo!is!therefore!wild!type!(WT;!Trp63+/+),!as!shown!in!Lane!2.!L!=!DNA!ladder!(Invitrogen!Ultra[Pure!Agarose,!Life!technologies,!Carlsbad,!U.S.A.).!
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2.2.2%Extraction%of%total%RNA%from%E10T13%mandibular%processes%
%
%
%
%
%
%
%
%
%
%
%!!!Figure!6.!Embryonic!mouse!head!aged!day!10!showing!the!various!facial!processes,!including!the!whole!mandibular!process7(lavender)!that!was!micro[surgically!excised!for!RNA!and!protein!extraction!(see!sections!2.2.3!and!2.2.5).!The!entire7
mandibular7process!was!excised!for!all!the!various!stages,!E10[13,!for!wild!types,!heterozygotes!and!homozygotes.!Source:!https://www.facebase.org/sites/default/files/SEM_images/anatomy.html!! On!Day!1!of!the!procedure,!total!RNA!was!extracted!from!entire!MdP!of!wild!type,!heterozygote,!and!homozygote!embryos!aged!E10[13.!RNA!was!extracted!using!an!RNeasy!Mini!Kit!(Qiagen,!Valencia,!U.S.A).!For!maximum!RNA!purity,!tissues!were!spun!down!for!5!min!at!4°C,!the!L[15!was!extracted!and!replaced!with!1!ml!of!cold!TRIzol!(Life!Technologies,!Carlsbad,!U.S.A).!Tissues!were!then!completely!homogenized!using!a!23[gauge!needle!(with!1!ml!syringe,!Becton!Dickinson,!Franklin!Lakes,!U.S.A.).!Next,!300!μl!of!chloroform!was!added!to!each!tube,!which!was!then!vortexed!for!15!seconds.!This!was!followed!by!RT!incubation!
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for!4!min.,!then!a!centrifuge!spin!for!20!min.!at!12,000!(12K)!RPM!at!RT.!Only!the!clear!supernatant!was!extracted!and!an!equal!amount!of!DEPC!treated!70%!ethanol!(EtOH)!was!added!to!the!supernatant,!and!immediately!stored!at![80°C!until!Day!2!of!extraction!procedure.!!! Day!2!of!the!RNA!extraction!procedure!began!by!transferring!each!sample!of!the!stored,!thawed!supernatant/ethanol!solution!to!an!RNeasy!spin!column,!followed!by!a!1!min.!spin!at!12K!RPM!at!RT.!Spin!columns!were!washed!with!380!μl!of!RW1!buffer!and!centrifuged!for!2!min.!at!12K!RPM!followed!by!80!μl!of!RNase[free!DNase!treatment!(7:1!of!RDD!buffer:RNase[free!DNase)!incubation!for!30!min.!at!37oC.!Subsequent!steps!involved:!one!350!μl!RW1!and!two!500!μl!RPE!washes,!with!a!spin!at!12K!RPM!for!2!min.!between!each!wash.!The!last!RPE!wash!was!followed!by!a!5!min.!spin!to!ensure!that!all!of!the!wash!buffer!was!removed.!Lastly,!30!μl!of!RNase[Free!water!was!transferred!to!each!spin!column!and!incubated!at!10!min.!at!RT!followed!by!a!3!min.!spin!at!12K!RPM.!Eluted!RNA!was!immediately!stored!at![80oC,!until!needed!for!further!analysis.!!!Three!biological!replicates!for!each!genotype!(wild!type,!heterozygote,!homozygote)!and!embryonic!stage!(E10[13)!were!collected!for!RT[qPCR!assay,!for!a!total!of!36!samples.!!!!!!!!!!!!
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!!Table!2.!Summary!of!sample!set!of!mandibles!collected!for!RT[qPCR!assay.!For!each!stage!and!genotype,!3!mandibles!were!excised!from!embryos!of!different!litters.!!!!!!!!
!
!
!
!
!
!
!
!
!
!
!
!
!!
2.2.3%RNA%integrity%and%quantity%assessment%!! An!Experion!Automated!Electrophoresis!Station!(Bio[Rad,!Hercules,!U.S.A.)!was!used!to!quantify!and!quality[check!extracted!RNA.!The!electrophoresis!station!uses!minute!quantities!of!extracted!RNA!pipetted!into!a!12[well!microfluidic!chip!to!
! Genotype!and!number%of%
mandibles%collected!
Embryonic%stage% !
E10! Wild!type!–!3!Heterozygote![!3!Homozygote![3!Total!=!9!
E11! Wild!type!–!3!Heterozygote![!3!Homozygote![3!Total!=!9!
E12! Wild!type!–!3!Heterozygote![!3!Homozygote![3!Total!=!9!
E13! Wild!type![!3!Heterozygote![!3!Homozygote!–!3!Total!=!9!
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measure!RNA!concentration!(ng/μl)!and!integrity!via!an!RNA!quality!indicator!value!(RQI).!An!RQI!value!of!10!indicates!high!quality!RNA,!while!an!RQI!value!of!1!indicates!degraded!RNA.!Manufacturer!instructions!were!used!for!sample!and!chip!preparation.!In!short,!the!chip!was!primed!with!gelstain!(as!provided!in!the!kit),!and!loaded!with!appropriate!buffers!(i.e.,!gel!and!loading!buffers,!ladder!and!samples)!prior!to!the!electrophoresis!run.!The!RQI!value!and!concentration!values!of!each!sample!were!noted.!Samples!with!an!RQI!above!7!were!used!for!downstream!RT[qPCR.!Results!from!a!sample!run!are!shown!in!Figure!7,!below.!!!Figure!7,!shows!RNA!quantity!and!quality!as!assessed!with!the!Experion!Electrophoresis!System.!Detailed!information!for!extracted!RNA,!such!as!concentration,!integrity!via!RQI!value!(Table!3),!and!ratio!of!28S:18S!rRNA!is!also!given!(not!shown).!Also!shown!in!the!Figure!7!is!the!electrophoresis!profile!indicating!presence!of!28S,!18S,!and!5S!rRNA!in!every!sample.!!!!!!!!!!!!!!!!!!
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!!!!!
%!!!!!!!!!!!!!!!!!!Figure!7.!Profiles!of!7!different!RNA!samples!analyzed!with!the!Experion!Electrophoresis!System.!A)!Virtual!image!of!RNA!separated!via!microfluidic!electrophoresis!shows!the!ladder!for!RNA!extracted!from!a!single!MdP.!Black!bands!show!presence,!density!and!concentration!of!18S!and!28S!rRNA.!B)!Histogram!from!a!lane,!depicting!peaks!in!fluorescence!corresponding!to!5S,!18S!and!28S!rRNA.!!!
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Table!3!indicating!RQI!value!and!concentration!of!extracted!RNA!in!lane!1[7.!!!!!!!!! Frozen!fully[extracted!RNA!samples!from!above!were!overnight[shipped!on!dry!ice!to!Plateforme!Génomique,!Université!de!Montréal,!Quebec!for!RT[qPCR!assay.!
%!
2.2.4%Reverse%Transcriptase%Quantitative%Polymerase%Chain%Reaction%! At!Plateforme!Génomique!(Montreal,!Canada),!purified!RNA!was!reverse!transcribed!with!random!primers!using!the!High!Capacity!cDNA!Reverse!Transcription!Kit!(Life!Technologies,!Carlsbad,!U.S.A.).!Table!4,!below!summarizes!the!reagents!used!for!the!protocol,!as!prescribed!by!the!manufacturer.!!!!!!!!!!!!!
RQI$values$of$experion$run$on$7$extracted$RNA$samples.$$
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!Table!4.!Details!of!reagents!used!for!reverse!transcription!of!mRNA!to!cDNA.!!!!!!!!!!!!!!!!Reaction!mixture!above!(Table!4)!was!incubated!for!10!min.!at!RT!and!then!for!2h!at!37°C.!Immediately!afterwards,!cDNA!template!product!was!diluted!1:5!and!stored!in![20°C!for!downstream!qPCR.!!! Primers!for!qPCR!were!designed!with!the!UPL!Assay!Design!service!(Roche,!Indianapolis,!USA).!A!standard!curve!was!performed!to!calculate!primer!efficiency.!Quantitative!PCR!was!performed!using!the!master!mix!summarized!in!Table!5.!!!!!!!!
Reagent%
Volume%per%reaction%
(uL)%10X!reverse!transcription!buffer! 2.0!25X!dNTP!Mix!(100!mM)! 0.8!10X!reverse!transcription!Random!Primers! 2.0!MultiScribe!Reverse!Transcriptase! 1.0!Nuclease[free!H20! 4.2!Extracted!RNA! 10!
Total% 20%
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!Table!5.!Specific!reagents!and!volumes!used!in!amplification!of!cDNA.!The!Viia7!qPCR!instrument!(Life!Technologies,!Carlsbad,!U.S.A.)!was!used!to!detect!amplified!cDNA!via!fluorescence!intensity!measurements,!and!was!programmed!as!shown!below.!!!
Reagents% Volume%(μl)%per%reaction%cDNA!template! 1.5!2x!TaqMan!Advanced!Fast!Universal!PCR!Master!Mix! 5.0!50!μM!primer!mix!(forward!and!reverse)! 0.05!1!μM!UPL!probe! 1.0!MilliQ!water! 2.45!!!Table!6.!Depicting!the!thermocycler!program!used!for!amplification!of!cDNA!in!qPCR!assay!using!Viia7!qPCR!instrument!(Life!Technologies,!Carlsbad,!U.S.A.).!!!!!!!! All!reactions!performed!on!the!36!samples!collected!(Table!2)!were!run!in!three!technical!replicates.!Mean!cycle!threshold!(CT)!values!were!used!for!data!analysis.!The!three!housekeeping!genes!tested!were!glyceraldehyde!3[phosphate!dehydrogenase!(GAPDH),!TATA!binding!protein!(TBP),!14[3[3!protein!zeta/delta!(YWHAZ).!
95°C!for!20sec!
95°C!for!1sec!
60°C!for!20sec! Repeat&for$40$cycles& 
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!Table!7.!Primer!information!outlining!forward!and!reverse!sequences,!NCBI!reference!numbers,!and!primer!efficiencies!of!the!genes!assayed!using!RT[qPCR.!!
! Analysis!of!RT[qPCR!data!was!performed!with!Rest!Expression!Software!Tool!(REST,!Qiagen,!Valencia,!U.S.A.).!Primer!efficiencies!were!accounted!for!using!REST,!
Gene% Fwd.%Primer%
Sequence%
Rev.%Primer%
Sequence%
Reference%
Sequence%
Primer%
Efficiency%
%%
Fermt17 Cgccaatatgaagcagtgg! gtcaaactcgattgccacct! NM_198029.2! 101!
Pltp7 Gacacttgttggggacaagg! gtggggagttaatcactgtcg! NM_011125.2! 101!
Cbln17 Cacactcccgtttccaaaat! ttcctcgattactgcgactg! NM_019626.3! 101!
Trp637 ctgatgattttggcattagcc! ctaaacactggtgtgaggagaca! NM_001127259.1!(exon!14!isoforms!1,2,4,5,6)!
96!
Cxcl147 Gacagacggcaggagcac! tttcaagcacgcctctctc! NM_019568.2! 97!
Krt87 Agttcgcctccttcattgac! ccacttggtctccagcatct! NM_031170.2! 91!
Gapdh7 Tgtccgtcgtggatctgac! cctgcttcaccaccttcttg! NM_008084.2! 91!
Tbp7 Cggtcgcgtcattttctc! gggttatcttcacacaccatga! NM_013684.3! 92!
Ywhaz7 cttcctgcagccagaagc! gggtttcctccaatcactagc! NM_011740.3! 101!!
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and!mRNA!expression!was!studied!in!heterozygote!and!homozygote!samples.!All!data!were!normalized!to!the!most!stable!gene,!TBP,!with!2000!randomizations.!!
2.2.5%Protein%extraction%from%mandibular%tissue%and%immunoTblotting%! All!the!following!procedures!were!done!with!samples!kept!on!ice!for!protein!preservation!and!sample!integrity.!Pregnant!mice!were!sacrificed!and!collected!for!embryos!staged!between!E12[13.!Upon!excision,!whole!MdPs!were!collected!in!20!μl!of!RIPA!buffer!(5!mM!Tris,!150!mM!NaCl!pH!7.4,!1%!Triton!X[100,!0.1%!sodium!deoxycholate,!5!mM!EDTA)!and!immediately!stored!in![80°C.!Remaining!tail!clips!were!frozen!in![20°C!for!genotyping,!performed!as!described!above.!Sample!preparation!for!RT[qPCR!work!did!not!require!the!need!of!pooling!multiple!MdPs!into!one!to!generate!a!concentrated!sample!for!subsequent!mRNA!testing.!Conversely,!the!protein!yield!of!a!single!MdPs!was!simply!not!enough!to!even!perform!one!run!with!western!blotting!therefore,!pooling!of!tissue!for!protein!work!was!necessary.!For!E13,!three!genotypically!identical!MdPs!were!pooled!into!a!total!volume!of!60!μl!of!RIPA!buffer!to!yield!one!sample!(n=1).!For!E12,!four!genotypically!identical!MdPs!were!pooled!in!40!μl!of!RIPA!to!yield!one!sample!(n=1).!E10[11!mandibles!were!excluded!from!protein!study!due!to!extremely!small!protein!yield!per!MdPs.!This!would!require!pooling!more!than!5!separate!MdPs!in!a!small!volume!of!RIPA!buffer,!which!required!sacrificing!many!mice!beyond!what!could!comfortably!be!justified,!further!prolonging!the!length!of!my!MSc!Program!of!Study.!Pooled!tissues!were!digested!using!a!1.5!ml!plastic!pestle,!followed!by!the!addition!of!100x!protease!inhibitor!(G[Biosciences,!St.!Louis,!U.S.A.)!to!a!final!concentration!of!1x.!A!centrifuge!spin!at!12K!RPM!at!4°C!was!performed!and!supernatant!collected.!Approximately!8!μl!of!supernatant!was!used!to!assess!protein!concentration!with!660nm!protein!assay!(Thermo!Scientific!Pierce,!Waltham,!U.S.A.)!on!a!96[well!plate!reader!(Molecular!devices,!Sunnyvale,!U.S.A.).!!!
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At!least!three!biological!replicates!(n=3)!for!each!genotype!(wild!type,!heterozygotes,!homozygotes)!and!embryonic!stage!(E12[13)!were!collected!for!western!blotting!assay.!!!Immuno[blotting!was!used!to!test!FERMT1!(77!kDa!Abcam!(ab68041),!Cambridge,!U.K.),!PLTP!(55!kDa!Abcam!(ab18990),!Cambridge,!U.K.),!TRP63!(63!kDa!Santa!Cruz!Biotechnology!(sc[8609,!discontinued),!Dallas,!U.S.A.),!GAPDH!(37!kDa!loading!control,!Santa!Cruz!Biotechnology!(sc[25778),!Dallas,!U.S.A.)!and!CBLN1!(15kDa!Abnova!(PAB13159),!Taipei,!Taiwan).!Antibody!for!TRP63!was!specific!to!the!α,!β!and!γ!isoforms!belonging!only!to!the!ΔN[P63!variant.!Several!positive!control!lysates!extracted!from!tissue!and!cell!lines!were!also!used:!HeLa!cells!staurosporine!treated!(Abcam,!Cambridge,!U.K.),!mouse!brain!tissue!lysate!(prepared!in!lab),!and!HEK293!cells!(Santa!Cruz!Biotechnology,!Dallas,!U.S.A.).!Precision!Plus!Protein™!Kaleidoscope™!molecular!marker!(Bio[Rad,!Hercules,!U.S.A.)!was!used!according!to!manufacturer!recommended!instructions.!An!8%!running!gel!was!prepared!for!FERMT1!and!PLTP,!6%!for!TRP63,!and!12%!for!CBLN1!!!!!!!!!!!!!!
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Table!8.!Reagents!and!volumes!used!for!the!6%!running!gel!(left),!and!stacking!gel!(right).!Asterisk!indicates!values!that!vary!depending!on!gel!percentage.!!!!!!!!!!!!!! !10!μg!of!digested!mandibular!tissue!lysates!and!positive!controls!were!separated!on!a!running!gel!for!approximately!1h.!Following!electrophoresis,!the!gel!was!soaked!in!transfer!buffer!(25!mM!Tris!base,!0.2!M!glycine,!20%!methanol)!for!20!min.!prior!to!transferring!the!protein!to!a!polyvinylidene!fluoride!(PVDF,!Bio[Rad,!Hercules,!U.S.A.)!membrane!using!Trans[Blot!SD!Semi[Dry!electrophoresis!Transfer!Cell!(Bio[Rad,!Hercules,!U.S.A.).!Sandwich!assembly!for!transfer!was!done!according!to!manufacturer!recommendations.!Transfer!of!FERMT1,!PLTP!and!TRP63!was!performed!at!18V!for!about!70!min.!Transfer!for!Cbln1!was!performed!at!18V!for!20!min.!!!! Blocking!buffer!and!5%!milk!powder!(Cell!Signaling,!Danvers,!U.S.A.)!in!tris!tween!buffered!saline!(TTBS,!Tris!19.9mM!pH!7.8,!NaCl!154mM,!0.001%!Tween[20)!was!incubated!with!the!membrane!for!1h!at!RT.!This!was!followed!by!incubation!with!primary!antibody!using!the!following!dilutions:!FERMT1!1:1000,!PLTP!1:1000,!GAPDH!1:1333,!CBLN1!1:500,%TRP63!1:1000!in!either!TTBS!or!5%!milk!powder!in!
Reagents%(for%6%%
running%gel)%
Volume% Reagents%(for%
stacking%gel)%
Volume%
Acrylamide:Bis!29:1!(30%)! 2.26!ml!*! Acrylamide:Bis!29:1!(30%)! 2.5!ml!Tris!2M!(pH!8.8)! 2.8!ml! Tris!0.5M!(pH!6.8)! 6.5!ml!MilliQ!H20! 9.84!ml!*! MilliQ!H20! 50!μl!20%!sodium!dodecyl!sulfate! 75!μl! 20%!sodium!dodecyl!sulfate! 50!μl!10%!Ammonium!persulfate! 75!μl! 10%!Ammonium!persulfate! 15!μl!Temed! 10!μl! Temed! 15!μl!
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TTBS%at!4°C!overnight.!The!next!day,!3!x!10!min.!TTBS!washes!were!performed,!followed!by!secondary!antibody!incubation.!Secondary!HRP[conjugated!antibody!(Invitrogen,!Carlsbad,!U.S.A.)!and!Strep[Tactin®!tagged!HRP!for!detection!of!ladder!(Bio[Rad,!Hercules,!U.S.A.),!with!dilutions!of!1:5000!and!1:15000!in!TTBS,!respectively!were!applied!to!the!membrane!at!RT!for!2h,!followed!by!three!10!min.!washes!with!TTBS.!Chemiluminescence!detection!solution!(68mM!p[Coumaric!acid!in!DMSO,!1.25mM!luminol!in!0.1M!Tris!(pH!8.5),!and!3%!hydrogen!peroxide!mixed!at!.010:1:.003,!respectively)!was!applied!to!the!membrane!for!1!min.!Membranes!were!then!exposed!to!radiography!film!(Denville!Scientific,!Holliston,!U.S.A.)!for!varying!times.!ImageJ!(NIH,!Bethesda,!U.S.A.)!and!GraphPad!prism!5!(La!Jolla,!U.S.A.)!was!utilized!for!band!densitometry!analysis.!!!Note!that!only!mRNA!was!studied!for!Krt28!and!Cxcl214.!Western!blot!analysis!was!not!performed!on!these!two!genes!due!to!insufficient!tissue!lysates,!time!constraints,!need!for!significantly!more!breeding!and!thus!increased!cost.!!!
2.3%Results%%
2.3.1%RTTqPCR%REST%analysis%%! RT[qPCR!was!performed!on!RNA!extracted!from!the!MdP!of!embryonic!mice!aged!E10[13.!Raw!data!from!the!RT[qPCR!assay!was!analyzed!with!REST!expression!analysis!(Pfaffl!et!al.,!2002)!to!determine:!1)!the!integrity!of!the!microarray!results!and;!2)!changes!in!RNA!quantity!in!the!edentulous!homozygote!vs.!the!normal[looking!heterozygote!samples.!!
2.3.1.1)mRNA)quantities)differed)between)homozygote)and)heterozygote)
mandibular)primordia)aged)E10B13)!Amongst!the!homozygotes!aged!E10!(Figure!8),!expression!of!the!genes[of[interest!(Fermt1,!Pltp,!Cbln1,!Krt28,!Cxcl14,7and!Trp63)!were!both!increased!and!
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decreased!as!assessed!by!RT[qPCR!quantification.!REST!expression!analysis!of!RT[qPCR!data!revealed!Fermt1!was!down[regulated!in!homozygote!embryos!by!a!magnitude!of!0.657!relative!to!heterozygotes.!RT[qPCR!detected!more!Cbln1!and!
Krt287mRNA!by!factors!of!3.73!and!2.96,!respectively,!amongst!homozygotes!relative!to!heterozygotes.!Meanwhile,!mRNA!products!for!Cxcl14,!Trp63!and!Pltp!were!not!significantly!altered!in!their!quantity!in!homozygotes!relative!to!heterozygotes.!!!!!!!!!!!!!!
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Figure!8.!Relative!expression!software!tool!(REST)!analysis!of!RT[qPCR!performed!on!RNA!derived!from!E10!homozygotes!(experimental)!vs.!heterozygotes!(control).!At!E10,!quantities!of!Cbln17and!Krt287mRNA!were!increased!in!the!homozygote!relative!to!heterozygote!by!a!magnitude!of!3.73!and!2.96,!respectively.!Conversely,!quantity!of!mRNA!for!Fermt17was!decreased!in!the!homozygote!by!a!magnitude!of!0.657!compared!to!E10!heterozygotes.!Trp63!mRNA!was!unchanged!in!the!homozygote!relative!to!heterozygote.!N=3!for!each!genotype,!significance!of!p≤0.05.!Reference!mRNA!was!Tbp.!Error!bars!indicate!range!of!maximum!and!minimum!mRNA!values.!The!lower!and!upper!limit!of!each!box!accounts!for!the!interquartile!range,!or!the!middle!50%!of!observations.!Asterisks!indicate!mRNA’s!with!significant!change!in!expression.!The!dashed!line!within!each!colored!box!represent!median.!Dashed!line!outlined!across!the!graph,!represents!levels!within!the!heterozygotes!(control).!!!!
E10$
  
Boxes represents the interquartile range, or the middle 50% of observations. The dotted line represents the median gene 
expression. Whiskers represent the minimum and maximum observations. 
 
Non-Normalised Results 
The following results do not have expression values normalised to the selected housekeepers. 
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Gene Type Reaction Efficiency Expression Std. Error 95% C.I. P(H1) Result
Tbp REF 0.92 0.373 0.186 - 0.664 0.135 - 0.950 0.091  
Cbln1 TRG 1.0 1.391 0.629 - 2.527 0.465 - 4.887 0.289  
Cxcl14 TRG 0.97 0.272 0.105 - 0.763 0.050 - 0.831 0.000 DOWN
Fermt1 TRG 1.0 0.245 0.144 - 0.385 0.113 - 0.521 0.000 DOWN
Pltp TRG 1.0 0.257 0.110 - 0.667 0.058 - 0.923 0.000 DOWN
Trp63 TRG 0.96 0.363 0.162 - 0.837 0.096 - 1.366 0.128  
Krt8 TRG 0.91 1.105 0.664 - 2.203 0.362 - 2.388 0.948  
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Likewise,!similar!patterns!of!changes!in!mRNA!quantities!were!seen!for!E11!embryos!(Figure!9).!Quantity!of!Fermt1!mRNA!was!lower!in!homozygotes!than!in!heterozygotes!by!a!factor!of!0.11.!Interestingly,!Pltp7mRNA!decreased!in!homozygotes!compared!to!heterozygotes!by!a!magnitude!of!0.22.!Conversely,!compared!to!heterozygotes,!homozygotes!had!5.84!and!2.15!times!the!amount!of!mRNA!for!Cbln17and!Krt28,!respectively.!As!seen!at!E10,!normal!levels!of!Trp637mRNA!in!E11!were!present!in!homozygote!relative!to!the!heterozygote!mandibles.!!! !
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Figure!9.!Box!and!whisker!plot!of!REST!expression!analysis!on!output!from!RT[qCPR!assay!performed!on!mandibular!derived!RNA!from!E11!mice!for!homozygotes!(experimental)!relative!to!heterozygote!(control).!In!comparison!to!the!heterozygote,!homozygotes!show!an!increase!in!Cbln1!and!Krt28!mRNA’s!on!the!magnitude!of!5.84!and!2.15,!respectively.!Significant!down[expression!was!also!seen!in!Fermt1!and!Pltp!mRNAs!on!the!order!of!0.11!and!.22,!respectively,!in!the!homozygote!vs.!the!normal[looking!heterozygote.!Trp63!mRNA!was!unchanged!in!the!homozygote!relative!to!heterozygote.!N=3!for!each!genotype.!Significance!of!p≤0.05.!Reference!mRNA!was!Tbp.!Error!bars!indicate!range!of!maximum!and!minimum!values.!The!lower!and!upper!limit!of!each!box!accounts!for!the!interquartile!range,!or!the!middle!50%!of!observations.!Asterisks!indicate!genes!that!showed!significant!change!in!expression.!Dashed!line!within!box!and!whiskers!represents!median.!Dashed!line!outlined!across!the!graph,!represents!levels!within!the!heterozygotes!(control).!!
  
Boxes epresents the interquartile range, or the middle 50% of observations. The dotted li e represents the median gene 
expression. Whiskers represent the minimum and maximum observations. 
 
Non-Normalised Results 
The following results do not have expression values normalised to the selected housekeepers. 
 
 
 
Report produced by REST 2009 V2.0.13 
© Copyright: 2009 (C) QIAGEN GmbH All rights reserved 
Gene Type Reaction Efficiency Expression Std. Error 95% C.I. P(H1) Result
Tbp REF 0.92 1.673 0.879 - 3.627 0.711 - 4.750 0.350  
Cbln1 TRG 1.0 9.811 5.328 - 22.027 3.001 - 25.051 0.000 UP
Cxcl14 TRG 0.97 0.883 0.478 - 1.568 0.331 - 2.689 0.701  
Fer t1 TRG 1.0 0.178 0.126 - 0.243 0.104 - 0.276 0.000 DOWN
Pltp TRG 1.0 0.361 0.274 - 0.448 0.242 - 0.505 0.000 DOWN
Trp63 TRG 0.96 1.329 0.930 - 1.849 0.766 - 2.136 0.286  
Krt8 TRG 0.91 3.588 2.180 - 6.177 1.899 - 6.592 0.000 UP
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! An!embryonic!day!later,!at!E12!when!tooth!primordia!are!nearing!bud[stage,!the!homozygote!MdP!showed!a!significant!increase!in!Cbln17and!Krt28!RNA!quantity!by!factors!of!5.290!and!7.514,!respectively.!Unexpectedly,!no!down[regulation!of!any!mRNA!was!seen!in!E12!homozygote!relative!to!heterozygote.!Trp63%levels!were!unaltered!in!the!homozygote!compared!to!the!heterozygote.!!! !
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!
Figure!10.!Box!and!whisker!plot!showing!that,!in!E12[aged!homozygotes,!there!was!5.290!and!7.514!times!more!mRNA!measured,!respectively,!for!Cbln1!and!Krt28!compared!to!heterozygotes!(control,!represented!by!the!dashed!black!line).!Significant!under[expression!in!the!homozygote!was!not!seen!in!any!mRNAs!tested.!In!other!words,!mRNA!levels!for!any!gene!tested!did!not!decrease!in!the!experimental!relative!to!control.!N=3!for!each!genotype,!significance!of!p≤0.05.!Reference!gene!was!Tbp.!Error!bars!indicate!range!of!maximum!and!minimum!values.!The!lower!and!upper!limit!of!each!box!accounts!for!the!interquartile!range,!or!the!middle!50%!of!observations.!Asterisks!indicate!genes!that!showed!significant!change!in!expression.!Dashed!line!within!box!and!whiskers!represents!the!median.!!!! !!!!
E12$
Fig$4$in$Table$of$Contents.$   
Boxes represents the interquartile range, or the middle 50% of observations. The dotted line represents the median gene 
expression. Whiskers represent the minimum and maximum observations. 
 
Non-Normalised Results 
The following results do not have expre sio  values normalised to the s lected housekeepers. 
 
 
 
Report produced by REST 2009 V2.0.13 
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Gene Typ Reaction Efficiency Expression Std. Error 95% C.I. P(H1) Result
Tbp REF 0.92 0.538 0.245 - 1.454 0.132 - 1.930 0.288  
Cbln1 TRG 1.0 2.844 1.007 - 10.293 0.597 - 16.916 0.200  
Cxcl14 TRG 0.97 0.624 0.160 - 3.189 0.074 - 4.125 0.389  
Fermt1 TRG 1.0 0.145 0.100 - 0.241 0.075 - 0.277 0.062  
Pltp TRG 1.0 0.238 0.153 - 0.317 0.144 - 0.503 0.000 DOWN
Trp63 TRG 0.96 0.504 0.277 - 1.333 0.251 - 1.508 0.308  
Krt8 TRG 0.91 4.040 1.544 - 11.667 0.783 - 19.081 0.200  
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Lastly,!at!E13,!expression!patterns!of!Fermt1,!Cbln1,!and!Krt28!mRNAs!were!altered!(Figure!11)!in!homozygote!relative!to!heterozygote!mandibles.!Lower[than[normal!expression!levels,!by!a!factor!of!0.1,!were!seen!for!Fermt1!mRNA!in!homozygotes!relative!to!heterozygotes.!Greater[than[normal!expression!of!Cbln1!and!Krt28!mRNA!were!detected!in!the!homozygote!vs.!the!heterozygote!by!factors!of!6.4!and!6.2,!respectively.!! !
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!Figure!11.!E13!mRNA!expression!profile!generated!by!REST!expression!analysis!on!RT[qPCR!data.!Box!and!whiskers!represent!homozygotes!(experimental)!and!colored!and!dashed!line!represents!heterozygotes!(control).!Within!homozygotes,!
Cbln17was!increased!by!a!factor!of!6.4,!while!Krt28!was!increased!by!a!factor!of!6.2,!both!relative!to!heterozygotes.!Only!Fermt17mRNA!was!significantly!down[expressed,!and!by!a!factor!of!0.1!times!the!levels!in!heterozygotes.!N=3!for!each!genotype,!significance!of!p≤0.05.!Reference!gene!was!Tbp.!Error!bars!indicate!range!of!maximum!and!minimum!values.!The!lower!and!upper!limit!of!each!box!accounts!for!the!interquartile!range,!or!the!middle!50%!of!observations.!Asterisks!indicate!genes!with!significant!change!in!expression.!Dashed!line!within!box!and!whiskers!represent!median.! !!!!
E13$
Fig$5$in$Table$of$Contents.$   
Boxes represents the interquartile range, or the middle 50% of observations. The dotted line represents the median gene 
expression. Whiskers represent the minimum and maximum observations. 
 
Non-Norm lised Results 
The following results do not have expression values normalised to the selected housekeepers. 
 
 
 
Report produced by REST 2009 V2.0.13 
© Copyright: 2009 (C) QIAGEN GmbH All rights reserved 
Gene Type Reaction Efficiency Expression Std. Error 95% C.I. P(H1) Result
Tbp REF 0.92 1.146 0.314 - 5.390 0.104 - 10.940 0.854  
Cbln1 TRG 1.0 7.299 2.284 - 25.982 1.163 - 36.709 0.000 UP
Cxcl14 TRG 0.97 1.482 0.557 - 4.176 0.361 - 7.655 0.489  
Fermt1 TRG 1.0 0.108 0.061 - 0.209 0.043 - 0.276 0.000 DOWN
Pltp TRG 1.0 0.440 0.231 - 1.180 0.189 - 1.346 0.201  
Trp63 TRG 0.96 0.614 0.290 - 1.559 0.179 - 1.938 0.395  
Krt8 TRG 0.91 7.072 2.736 - 22.882 1.985 - 36.041 0.000 UP
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2.3.2%Western%blotting%revealed%no%significant%change%in%protein%expression%in%
the%homozygote%
7! As!described!in!the!Methods!(2.2.5),!E10[11!mandible!primordia!were!excluded!from!the!protein!analysis.!E12[13!MdP!tissue!digests!extracted!from!wild!type,!heterozygote,!and!homozygote!were!used!to!quantify!FERMT1,!PLTP,!CBLN1,!and!TRP63!protein!products.!!!!! At!E12,!western!blot!analysis!showed!no!statistically!significant!(p>0.05)!change!of!FERMT1!in!homozygote!compared!to!wild!type!MdPs.!For!PLTP!expression,!a!similar!result!was!seen!whereby,!there!was!no!significant!change!(p>0.05)!in!the!homozygote!relative!to!wild!type!MdPs.!Western!blot!results!for!FERMT1!(Figure!12)!aligned!with!the!RT[qPCR!(Figure!10)!results,!showing!that!levels!of!neither!mRNA!nor!protein!significantly!differed!in!homozygote!relative!to!wild!type!or!heterozygote!embryos!at!E12.!This!is!also!true!for!Pltp,!as!there!appeared!to!be!no!significant!alteration!in!mRNA!or!protein!product!of!this!gene!in!the!homozygote!relative!to!wild!type!or!heterozygote!at!E12.!!!!!!!!!!!!!!!
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!
Figure!12.!A)!Image!of!Western!blot!indicating!protein!levels!of!FERMT1!(77!kDa),!PLTP!(55!kDa),!and!loading!control!GAPDH!(37!kDa)!at!E12!in!wild!type,!heterozygote,!and!homozygote!mandibular!tissue!lysates.!B)!Densitometry!analysis!revealed!no!significant!(p>0.05)!decrease!in!FERMT1!in!homozygotes!relative!to!wild!type.!C)!Densitometry!analysis!of!PLTP!also!showed!no!significant!(p>0.05)!decrease!in!the!homozygote!relative!to!wild!type.!N=3!for!each!genotype.!Error!bars!indicate!minimum!and!maximum!range!at!95%!confidence!interval.!!! For!CBLN1,!electrophoresis!and!immuno[blotting!on!E12!mandibular!lysates!revealed!no!significant!change!in!protein!level!in!homozygote!relative!to!wild!type!MdP!(Figure!13).!This!result!disagreed!with!what!was!seen!at!the!mRNA!level:!a!significant!up[regulation!of!Cbln1!by!a!factor!of!5.2!in!the!homozygote!relative!to!heterozygote!(recall!no!wild[type!data!for!comparison).!!
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!Figure!13.!A)!Western!blot!image!depicting!band!density!of!the!CBLN1!(15!kDa)!and!GAPDH!(37!kDa,!loading!control)!in!E12!wild!type,!heterozygote,!and!homozygote!mandibular!tissue!lysates.!B,!densitometry!analysis!indicating!insignificant!(p>0.05)!differences!in!expression!amongst!homozygote,!heterozygote!and!wild!type!mandibular!tissues.!N=3!for!each!genotype.!Error!bars!indicate!minimum!and!maximum!values!at!95%!confidence!interval.!!! Lastly,!E12!lysates!were!used!to!study!TRP63!protein!expression!amongst!the!three!genotypes.!TRP63!(Figure!14)!was!unaltered!(p>0.05)!amongst!the!homozygote!relative!to!wild!type!lysates.!The!phenotypically!normal!heterozygote!also!showed!no!significant!change!in!TRP63!protein!compared!to!wild!type.!A!strong!presence!of!Trp63!was!also!seen!at!the!mRNA!transcript!level!amongst!the!homozygotes,!affirming!that!within!the!double!mutated!MdP,!Trp63!is!being!transcribed!and!translated.!!!!!
E12$CBLN1$
CBLN1$$$$
GAPDH$
$$$$$$WT$$$$$$$$$$$$$Het$$$$$$$$$$$$Homo$
Fig$7$in$Table$of$Contents.$Increased$expression$in$RTPCR$while$no$
significant$change$in$western$P>0.05.$$
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!!Figure!14.!A)!Western!blot!image!indicating!protein!levels!of!TRP63!(63!kDa)!and!reference!gene!GAPDH!(37!kDa)!in!wild!type,!heterozygote,!homozygote!E12!mandibular!tissue!lysates.!Densitometry!analysis!in!B)!showing!what!appears!to!be!a!noticeable!decrease!in!TRP63!protein!in!homozygote!relative!to!wild!type,!but!which!is!statistically!insignificant.!N=3!for!each!genotype.!Error!bars!indicate!minimum!and!maximum!range!at!95%!confidence!interval.!Statistically!significance!of!p≤0.05.!!! Moving!forward!to!E13,!similar!patterns!of!protein!expression!were!seen!as!in!E12.!First,!western!blot!analysis!revealed!no!change!in!the!homozygote!mandible!for!FERMT1!(Figure!15)!compared!to!wild!type!(p>0.05).!Interestingly,!heterozygote!mandibles!also!exhibited!nearly!identical!levels!of!FERMT1!as!homozygotes.!!! Detection!of!PLTP!amongst!E13!mandible[derived!lysates!showed!no!real!change!in!the!homozygotes!vs.!the!wild!type!(Figure!15),!although!interestingly!the!heterozygote!showed!levels!of!PLTP!that!were!significantly!lower!(p<0.05)!than!both!other!genotypes.!!
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!!!
Figure!15.!A)!Western!blot!protein!profile!revealing!protein!levels!of!FERMT1!(77!kDa),!PLTP!(55!kDa)!and!reference!gene!GAPDH!(37!kDa)!in!wild!type,!heterozygote!and!homozygote!E13!mandibular!tissue!lysates.!Densitometry!analysis!revealing!no!significant!(p>0.05)!differences!in!FERMT1!(B)!and!PLTP!(C)!within!homozygote!lysates!compared!to!wild!type.!N=3!for!each!genotype.!Error!bars!indicate!minimum!and!maximum!range!at!95%!confidence!interval.!!!! CBLN1!was!also!probed!in!E13!MdP!lysates!using!western!blotting.!This!protein,!like!others!that!were!examined,!was!virtually!unaltered!(p>0.05)!in!the!homozygote!vs.!heterozygote/wild!type!MdP!(Figure!16).!!!!!
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!Figure!16.!A)!CBLN1!(15!kDa)!protein!profile!generated!by!western!blot!run!on!wild!type,!heterozygote,!and!homozygote!lower!jaw!tissue!lysate!derived!from!E13!embryos.!B)!Densitometry!analysis!revealing!unchanged!levels!of!CBLN1!amongst!homozygote!relative!to!wild!type!MdP.!N=3!for!each!genotype.!Error!bars!indicate!minimum!and!maximum!range!at!95%!confidence!interval.!!! Lastly,!TRP63!protein!expression!was!analyzed!via!western!blotting,!within!wild!type,!heterozygote,!and!homozygote!E13!mandible[derived!lysates.!Surprisingly,!in!the!homozygote,!TRP63!(Figure!17)!was!present!at!near[normal!levels!relative!to!heterozygote!MdPs.!!!!!!!!!!
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Figure!17.!A)!Abundance!of!TRP63!(63!kDa)!and!GAPDH!(37!kDa)!in!wild!type,!heterozygote,!and!homozygote!in!E13!mandibular!tissue!lysates.!B)!Densitometry!analysis!revealing!no!significant!(p>0.05)!change!in!TRP63!amongst!homozygote!relative!to!wild!type.!N=3!for!each!genotype.!Error!bars!indicate!min!and!max!range!at!95%!confidence!interval.!!!In!summary,!RT[qPCR!revealed!genetic!perturbations!within!the!toothless!mouse!mutant.!For!Trp63,!mRNA!and!protein!levels!were!both!unchanged!in!the!homozygote!relative!to!heterozygote/wild!type!MdP.!For!Cbln1,!an!increase!in!expression!levels!were!only!seen!for!mRNA!but!not!protein.!For!Pltp,!down[expression!was!seen!only!at!E11!at!the!mRNA!level!and!protein!levels!were!unchanged.!Fermt1!mRNA!down[expression!was!seen!in!all!stages!except!E12!meanwhile,!protein!analysis!showed!no!change.!Lastly,!Krt228!mRNA!levels!were!increased!for!all!stages!(E10[13)!and!protein!expression!was!not!studied.!These!results!are!also!summarized!in!Table!9!below.!!!!!!
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Table!9.!Summary!of!mRNA!and!protein!expression!showing!increase!(black!arrow),!decrease!(grey!arrow),!and!lack!of!change!(dash)!in!homozygote!relative!to!wild!type/heterozygote!mandibular!primordial!amongst!E10[13!embryonic!mice.!!
! !
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2.4%Discussion%%
2.4.1%Relative%to%wild%type,%in%Brdm2%mutant%mice%normal%levels%of%CBLN1%
protein%suggest%its%expression%is%regulated%by%Trp63Tindependent%pathways.%
%
% This!study!revealed!the!dynamics!of!a!few!genes!with!mRNA!expression!levels!that!were!significantly!up[regulated!or!down[regulated!in!the!Brdm2!mutant!mouse!MdP.!My!mRNA!results!returned!by!RT[qPCR!indicated!the!strong!over[expression!of!two!transcripts,!Cbln1!and!Krt228,!in!the!toothless!mutant!relative!to!dentate!heterozygotes.!Recall!that!CBLN1!is!thus!far!known!to!help!with!signaling!in!the!brain!(Hirai!et!al.,!2005)!and!endocrine!secretion!(Rucinski!et!al.,!2009).!Interestingly,!the!role!of!CBLN1!in!development,!particularly!of!tooth!and!upper!jaw!skeleton/mandible,!has!yet!to!be!investigated:!my!results!justify!doing!further!work!along!this!line!of!inquiry.!KRT2[8!plays!a!key!role!in!cell!structural!integrity!particularly!within!keratinocytes!(Oshima,!2002).!Previously,!it!was!unknown!if!or!how!TRP63!interacted!with!Cbln1!and!Krt228!products;!however,!from!my!mRNA!analysis!it!is!evident!that!if!Trp637is!non[!or!dysfunctional!(i.e.,!decreased),!then!
Cbln17and!Krt2287expression!levels!are!increased,!at!least!at!the!early!stages!of!tooth!formation!studied!here.!These!increased!levels!of!Cbln1!and!Krt228!mRNA!at!stages!E10[13!in!the!absence!of!any!normal!Trp637allele!indicate!that,!in!healthy!mice,!TRP637normally!down[regulates!transcription!of!Cbln1!and!Krt228.!Conversely,!in!terms!of!the!protein!products,!deciphering!the!relationship!between!CBLN1!and!TRP63!was!complicated!by!normal[like!levels!of!CBLN1!protein!at!E12[13!in!homozygotes!relative!to!wild!type!or!heterozygote!embryos.!Thus!the!change!in!CBLN1!levels!was!not!linear!across!all!four!stages.!The!stable!levels!of!CBLN1!protein!at!E12[13!amongst!the!homozygotes!suggests!that!a!web!of!molecular!pathways,!outside!of!the!TRP63!pathway,!tightly!regulates!CBLN1!expression.!Cells!within!the!MdP!detect!the!over[expressed!Cbln17mRNA!but!maintain!CBLN1!protein!at!normal!levels.!!!
! 66!
Since!incongruity!exists!between!mRNA!and!protein!levels!one!might!wonder!if!a!technical!problem!is!at!play,!but!there!is!little!support!for!this!concern!because!western!blot!(and!RT[qPCR)!experiments!were!performed!with!multiple!biological!and!technical!replicates!that!yielded!consistent!results.!Rather,!the!variable!levels!of!
Cbln1!expression!warrant!a!discussion!on!the!lack!of!consensus!in!the!scientific!community!about!correlation!between!mRNA!and!protein!expression.!Some!published!reports!suggest!a!negative!correlation!(Tian!et!al.,!2004)!and!others!a!positive!correlation!(Shebl!et!al.,!2010).!To!add!to!the!conflict,!Glanemann!and!co[workers!(2003)!reported!that!transcriptome!and!proteome!expression!levels!have!no!correlation!!They!showed!that!a!large!increase!in!mRNA!abundance!does!not!correspond!to!a!large!increase!in!enzyme!activity;!which,!by!extension,!means!that!over[expressing!a!particular!mRNA!does!not!always!mandate!similar!change!in!protein!production.!Jang!and!co[workers!(2006)!also!showed!a!similar!trend!with!11[Beta!hydroxysteroid!dehydrogenase!type!1,!further!confirming!the!complex!and!sophisticated!relationship!between!mRNA!and!protein!levels.!While!these!reports!explain!the!various!patterns!of!mRNA!vs.!protein!expression,!I!believe!it!is!important!to!note!that!discrepancies!between!the!levels!of!these!two!gene!products!must!be!interpreted!specific!to!the!genes!studied.!To!clarify,!CBLN1,!FERMT1,!and!PLTP!may!belong!to!a!minority!of!genes!that!exhibit!non[correlation!between!mRNA!and!protein.!While!this!may!be!unlikely,!too!little!is!known!from!the!literature!of!mRNA!and!protein!expression!levels!of!these!genes!to!test!this!theory!at!this!time.!What!is!also!unknown!currently!is!the!minimum!change!required!in!mRNA!transcript!expression!to!warrant!a!significant!change!in!protein!expression!(You!and!Yin,!2000).!The!conversion!of!DNA!to!mRNA!to!protein!involves!highly!regulated!post[translation!and!post[transcription!modifications!(Alberts,!2002).!Other!factors!such!as!translation!efficiency,!mRNA!stability!and!mRNA!half[life!are!all!variables!that!may!also!influence!and!thus!help!explain!differences!between!mRNA!and!protein!expression!such!as!that!seen!here!for!Cbln1!and!Fermt1!(discussed!shortly).!Further,!post[translation!modifications!such!as!protein!ubiquitination,!protein!half[life!and!presence!of!specific!amino!acids!that!target!protein!degradation!such!as!those!rich!
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in!proline,!glutamic!acid,!serine,!and!threonine!(PEST)!sequences!(Vogel!and!Marcotte,!2012)!also!regulate!protein!abundance.!Tightly[controlled!expression!of!even!a!single!protein!requires!negative!and!positive!feedback!loops!(Franco!and!Galloway,!2015).!These!loops!are!well[regulated!pathways!composed!of!several!proteins!involved!in!complex!biochemical!processes.!I!propose!that!CBLN1!protein!expression!depends!on!such!feedback!loops!whereby,!in!the!Brdm2!mutant!embryo,!cells!in!the!MdP!recognize!the!need!for!normal!CBLN1!expression,!independent!of!the!loss!of!normal!Trp63!activity!and!the!subsequent,!abnormal!increase!in!Cbln1!mRNA.!CBLN1!protein!levels!are!thus!near!normal!in!the!homozygote!compared!to!wild!type.!!Related!to!the!sustained!expression!of!CBLN1!in!the!MdP,!it!is!known!that!the!overall!development!and!health!of!nervous!tissue!is!unaffected!by!the!mutation!of!both!normal!Trp63!alleles!(Holembowski!et!al.,!2011).!The!central!nervous!system!(CNS)!in!the!Brdm2!mutant!develops!normal!neural!cells!and!does!not!show!any!malformations!at!the!cellular!level!(Hernandez[Acosta!et!al.,!2011).!The!Trp63!homologue,!Trp73,!and!specifically!the!ΔN2p737variant,!play!a!much!more!pronounced!role!in!the!development!of!the!nervous!system:!deletion!of!Trp737leads!to!an!underdeveloped!CNS!(Pozniak!et!al.,!2000;!Yang!et!al.,!2000).!Anatomically,!Fried!and!co[workers!(1982),!have!shown!that!nerve!fibers!are!present!within!the!MdP!and!MxP!prior!to!tooth!formation.!In!addition,!differentiation!and!localization!of!nerves!surrounding!tooth!bud!structures!have!been!detected!in!mice!staged!as!early!as!E13!(Mohamed!and!Atkinson,!1983).!Therefore,!I!propose!that!CBLN1!protein!expression!in!the!Brdm2!mutant!MdP!is!maintained!by!healthy!nerve!cells,!independently!of!the!Trp63!network.!! !Further,!for!my!experimental!work!I!examined!the!entire!MdP,!thus!adding!another!level!of!complexity!by!including!multiple!tissue!layers!and,!within!these!layers,!different!cell!types:!epithelial,!mesenchymal,!muscular,!connective.!During!development,!these!different!cell!types!have!highly!specific!gene!expression!and!
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biochemical!responses!to!stimuli,!as!well!as!diverse!mitotic!rates!(Alberts,!2002;!Tam!and!Loebel,!2007).!Further,!how!a!cell!responds!to!genetic!stress!caused!by!absent,!misfolded,!mutated!or!non[functional!proteins!(Scacheri!et!al.,!2004;!Schroder!and!Kaufman,!2005;!Shebl!et!al.,!2010)!also!affects!the!understanding!of!the!link!between!transcript!and!protein!expression!levels.!The!Trp63!variant,!ΔN[p63,!is!known!to!regulate!the!transcription!of!more!than!60!downstream!targets!(Birkaya!et!al.,!2007).!Therefore,!a!disturbance!in!this!master!transcription!factor,!as!seen!in!the!Brdm2!mutant!mouse,!results!in!biochemical!chaos!including!deviation!from!cellular!homeostasis.!!! !In!summary,!all!of!the!above[mentioned!variables!need!to!be!appropriately!considered!to!clarify!the!nuanced!relationship!between!mRNA!and!protein!expression!and!construct!in!the!MdP!the!genes!that!regulate!Trp63!expression,!as!well!as!the!downstream!targets!of!Trp63.!From!my!data,!I!conclude!that!expression!of!the!CBLN1!protein!does!not!entirely!depend!on!the!presence!of!normal!TRP63!protein,!and!that!other!molecular!pathways!maintain!near[normal!CBLN1!expression!in!the!Brdm2!mutant!embryos.!!
!
2.4.2%Down%expression%of%Fermt1%mRNA%but%not%protein%emphasizes%a%nonT
linear%relationship%between%transcript%and%protein.%Fermt1)role%in%tooth%
formation%unclear.%!
% Lower!levels!of!Fermt1!mRNA!were!seen!via!the!RT[qPCR!assays!in!the!MdP!of!homozygotes!at!E10,!11!and!13!–!but!not!at!E12!–!relative!to!heterozygotes.!Thus!the!RT[qPCR!work!confirms!the!microarray!results!where!Fermt17mRNA!was!also!decreased!in!Brdm2!mutant!relative!to!Trp63+/[!embryos.!Conversely,!FERMT1!expression!at!E12[13!did!not!differ!between!homozygotes!and!wild!types.!Hence,!in!homozygotes!non[conformity!between!mRNA!and!protein!levels!of!Fermt17existed!only!at!E13!(not!E12).!Many!reasons!could!explain!this!puzzle,!the!first!of!which!is!the!complex!relationship!between!mRNA!and!protein!expression,!and!the!variables!
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that!regulate!the!levels!of!each,!as!discussed!above.!Also!to!be!considered!is!the!detection!limit!of!western!blotting.!Some!chemiluminescent!substrates!claim!to!detect!a!difference!of!1.25!picograms!of!protein!(Life!Technologies,!Carlsbad,!U.S.A.).!That!our!laboratory[made!chemiluminescent!solution!is!less!sensitive!may!partially!explain!why!minute!differences!in!protein!expression!in!the!homozygotes!relative!to!wild!types/heterozygotes!would!be!undetected.!Secondly,!because!bud!stage!of!tooth!development!begins!at!E13,!cells!within!the!MdP!may!detect!a!shortage!of!
Fermt1!mRNA!at!E10[11!and!attempt!to!rescue!its!protein!expression!via!other,!
Trp63[independent!pathways.!Due!to!this!redundancy,!relatively!normal!levels!of!
Fermt1!are!thus!seen!at!E12.!However,!if!this!rescue!is!real!then!it!is!short[lived!and!slow!in!response,!as!by!E13,!the!MdP!has!grown!larger!with!further!differentiation!and!corresponding!change!in!gene!activity,!potentially!nullifying!this!partially!successful!attempt!of!rescuing!Fermt1!mRNA!expression.!In!other!words,!the!rescue!mechanism!is!simply!inadequate!to!maintain!a!normal!base!level!of!Fermt1!mRNA!and!by!E13,!when!the!tooth!bud!is!forming,!the!development!of!the!overall!MdP!is!such!that!the!cells!are!unable!to!“keep!up”.!Of!course!this!is!simply!a!prediction!of!what!is!possibly!occurring!and!requires!further!investigation!to!establish!the!true!relationship!of!Fermt1!to!TRP63!during!early!stages!of!odontogenesis,!as!I!discuss!later.! !Tiny!differences!in!the!protein!levels!of!the!genes!tested!in!the!homozygotes!relative!to!wild!types!could!also!be!explained!as!follows.!First,!the!volume!of!tooth!tissue!is!of!course!quite!small!at!E12[13!compared!to!later!stages.!If!the!proteins!tested!were!expressed!specifically!in!and!around!the!developing!teeth,!then!we!would!expect!to!see!a!large!decrease!in!the!levels!of!these!protein!in,!say,!E18!homozygote!lower!jaws!relative!to!those!of!same[aged!wild!type!or!heterozygote!mice.!However,!in!homozygote!E12[13!MdPs!relative!to!those!of!wild!type!or!heterozygote,!a!subtler!difference!in!protein!levels!would!be!expected!due!to!the!minute!volume!of!the!tooth!organ!at!these!early!embryonic!stages.!Thus,!tooth!organ!volume!could!partially!explain!why!at!E12[13!little!to!no!difference!in!protein!level!
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was!seen!amongst!homozygote!mandibular!tissues!in!relation!to!wild!type!or!heterozygote!(Figure!18).!Another!important!point!to!note!is!that!our!western!experiments!were!conducted!on!digested!whole!MdPs.!The!digested!lysates!therefore!included!both!dental!and!non[dental!epithelium!as!well!as!regions!of!the!mesenchyme!that!do!not!house!the!developing!teeth.!Perhaps!differential!protein!expression!in!these!various!tissues!and!regions!is!not!visible!in!mutant!Brdm2!embryos!using!western!blotting!due!to!tissue!mixing!and!subsequent!sample!homogenization!that!obscures!expression!differences!specific!to!dental!epithelium!and!mesenchyme.!!!!!!
Figure!18.!A,!At!left,!a!wild!type!E13!MdP!with!the!blue!circle!representing!a!tooth!organ!at!bud!stage.!On!the!right!is!a!homozygote!MdP!with!the!remnant!of!a!tooth!organ!shown!as!the!tiny!blue!dot.!Differences!between!levels!of!a!protein!expressed!within!the!normal!tooth!bud!(left)!vs.!the!remnant!(right)!are!likely!to!be!more!difficult!to!detect,!with!conventional!western!blotting.!B,!After!a!few!days!of!
A.#
B.#
Normal#tooth#(bud)# Tooth#remnant#
Normal#tooth#(bell)# Tooth#remnant#
Wild#type#mandible# Homozygote#mandible#
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development,!the!tooth!organ!has!grown!larger!(bigger!blue!dot)!in!wild!type!or!heterozygote,!especially!compared!to!any!remnant!(if!present)!in!the!homozygote.!This!larger!difference!in!protein!levels!is!much!more!likely!to!be!detected!between!wild!type/heterozygote!and!homozygote.!!! FERMT1!is!involved!in!epithelial!cell!adhesion!via!integrin!activation!(Calderwood!et!al.,!2013).!Because!FERMT1!binds!to!integrin,!it!is!partially!responsible!for!maintaining!the!bond!between!the!epithelium!and!mesenchyme.!This!maintenance!job!then!aids!the!work!of!laminin!and!collagen!IV!genes,!which!participate!in!epithelium[mesenchyme!adhesion!(Konig!and!Bruckner[Tuderman,!1991).!At!E13,!FERMT1!is!primarily!localized!to!epithelial!cell!lining!in!the!oral!cavity,!tongue!and!gut!(Ussar!et!al.,!2006).!A!mutation!of!Fermt17in!mice7leads!to!a!lethal!intestinal!epithelial!dysfunction!causing!death!within!3!days!of!birth!(Ussar!et!al.,!2008).!Unfortunately,!Ussar!and!co[workers!(2008)!did!not!report!the!status!of!tooth!formation!in!the!mutated!Fermt17mice.!Either!information!gathered!from!Ussar!and!colleagues!about!tooth!development!in!their!Fermt1!mutant,!or!if!necessary,!generating!a!Fermt1!mutant,!would!be!needed!to!address!this!question!(see!2.4.6).!!!
2.4.3%Undisturbed%level%of%transcript%and%protein%in%homozygotes,%an%
indiscernible%role%of%Pltp%in%odontogenesis.%%
%! It!is!well!established!that!PLTP!protein!participates!in!LDL!and!HDL!metabolism!(Albers!et!al.,!1995).!The!role!of!PLTP!or!the!pathways!within!which!this!protein!works!all!involve!lipids!(Massey!et!al.,!1984;!Huuskonen!et!al.,!1996;!Rao!et!al.,!1997).!What!is!unknown!is!the!potential!role!of!PLTP!outside!of!metabolic!signaling!mechanisms.!In!this!study,!I!found!that!transcript!level!of!Pltp!in!the!MdP!of!Brdm27mutant!mice!was!significantly!altered!only!at!E11.!Protein!analysis!revealed!no!significant!change!in!PLTP!in!E12!or!E13!homozygotes.!Hence,!my!data!combined!with!the!absence!of!a!previous!association!of!PLTP!with!epithelial[
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mesenchymal!signaling,!or!its!physical!relationship!with!TRP63,!leads!me!to!conclude!that!PLTP!has!little!bearing!on!tooth!or!jaw!morphogenesis!in!mice,!particularly!between!E10[13.!Perhaps!later!in!development,!when!skin!covering!the!presumptive!mandible!is!stratifying!and!its!various!layers!forming,!PLTP!is!involved!in!fat!cell!deposition!for!structural!support.!However,!as!of!yet,!this!idea!is!but!speculation!and!future!research!is!needed!to!specify!the!role!of!PLTP,!if!any,!in!instructing!tooth!and!jaw!morphogenesis.!!!
2.4.4%Previously%established%negative%relationship%between%TRP63%and%Krt2B8%
confirmed%with%RTTqPCR,%implying%a%probable%negative%role%in%odontogenesis.%!! Krt228!mRNA!was!one!of!the!genes!with!mRNA!levels!increased!at!all!four!stages!in!the!homozygote!relative!to!the!heterozygote!MdP!according!to!the!RT[qPCR!work.!Thus,!it!appears!that!TRP63!and!Krt228!have!an!inverse!relationship,!whereby!deletion!of!the!former!allows!the!latter!to!be!expressed!more.!Truong!and!colleagues!have!shown!(2006),!that!down[regulation!of!ΔN2p63!results!in!induction!of!KRT2[8!protein!in!epidermal!tissue.!Although!my!results!do!not!speak!to!protein!levels,!the!mRNA!levels!of!Krt228!show!a!similar!pattern.!Still!unclear!is!where!Keratin!2[8!protein!is!expressed!in!the!MdP!or,!particularly,!in!the!tooth!organ.!If!ΔN[P63!down[regulates!expression!of!KRT2[8,!then!what!might!be!the!function!of!this!protein!in!odontogenesis?!It!is!known!that!ΔN[p63!is!specifically!expressed!within!the!tooth!organ!as!it!develops!(Laurikkala!et!al.,!2006).!Other!previous!studies!have!shown!that!KRT2[8!is!expressed!in!single!layered!internal!epithelia!(Oshima,!2002)!and!shows!a!strong!presence!in!carcinomas.!This!suggests!that!KRT2[8!is!involved!in!differentiation!and!epithelial!growth.!As!a!member!of!the!
Trp537family!of!tumor[suppressors,!it!follows!that!if!KRT2[8!is!involved!in!cancerous!growth,!then!TRP63!would!act!to!suppress!KRT2[8!signaling.!This!explanation!needs!further!testing,!beginning!with!immuno[localization!of!KRT2[8!protein!within!the!tooth!organ.!!!
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2.4.5%Presence%of%TRP63%in%the%Brdm2%mutant%suggests%the%production%of%a%
truncated%protein%and%only%partial%mutation%of%Trp63.%%! The!presence!of!a!translated!TRP63!protein!in!the!Brdm2!mutant!is!still!debated!amongst!researchers!currently!using!this!mouse!model!for!experimentation.!Some!believe!that!TRP63!is!absent!in!the!mutant!mice!(Mills!et!al.,!1999;!Laurikkala!et!al.,!2006)!while!others!argue!that!Trp637mRNA!as!well!as!protein!are!expressed!at!normal!levels!in!the!homozygote!relative!to!wild!type!mice!(Wolff!et!al.,!2009;!Talos!et!al.,!2010).!Technically,!it!is!possible!to!alter!two!alleles!such!that!there!is!no!effect!on!the!final!protein!product!(Alberts,!2002).!Related!to!this,!where!the!mutation!is!made!within!the!allele!is!important:!if!a!mutation!is!near!the!beginning!of!the!coding!region,!then!the!affect!is!much!more!severe.!As!happens!without!experimental!intervention,!random!mutations!may!occur!during!the!lifespan!of!the!cell!that!have!absolutely!no!effect!on!the!gene!or!the!fully!folded!protein!(Alberts,!2002).!One!of!the!two!original!reports!of!this!mouse!mutant!(Mills!et!al.,!1999)!argued!that!if!the!mutated!Trp637gene!were!translated!into!a!protein!then!it!would!contain!an!intact!DNA[binding!domain!but!lack!the!highly!conserved!3’[carboxy!terminal!region.!Although!they!did!not!test!for!TRP63!protein!presence,!the!authors!did!report!the!complete!absence!of!Trp63!transcript!in!the!homozygote!via!northern[blot!analysis.!Strangely,!the!authors!make!no!mention!of!the!precise!sequence,!binding!site,!or!specificity!of!the!probes!used!for!the!northern[blot!work.!Although!northern!blotting!was!extensively!used!in!the!past,!today!a!more!sensitive!method!for!mRNA!detection,!RT[qPCR,!is!used.!Laurikkala!et!al.!(2006)!concluded!from!a!western!blot!experiment!that!there!is!a!complete!lack!of!ΔN[P63!protein!in!the!homozygote.!The!source!of!the!protein!lysate!used!for!this!work!was!skin;!however,!there!is!no!mention!of!which!particular!layers!of!skin,!and!where!on!the!embryo!the!skin!was!extracted!from.!Moreover,!Laurikkala!et!al.!(2006)!used!in2situ!hybridization!to!provide!strong!evidence!of!expression!of!ΔN2p637mRNA!in[and[around!tooth!germs!of!normal!wild!type!embryos,!yet!they!fail!to!show!a!single!image!of!ΔN2p637expression!in!the!homozygote!(negative!control).!Conversely,!Wolff!
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and!colleagues!(2009)!confirmed!via:!western!blotting,!an!extensive!RT[qPCR!experiment!using!multiple!primers!that!bind!to!different!locations!within!the!Trp63!locus,!and!a!luciferase!activity!assay,!that!the!TRP63!protein!was!not!only!present!in!the!Brdm2!mutant!but!also!contained!the!DNA!binding!and!oligomerization!domains!although!lacking!the!carboxy[terminal!SAM!(sterile!α[motif)!and!post[SAM!domains.!Wolff!and!co[workers!(2009)!detected!specifically!the!γ!isoform!of!two!variants!of!
Trp637[!TA[P63!and!ΔN[P63![!from!the!mutated!allele.!My!immuno[blot!experiments!probed!lysates!from!the!entire!MdP!using!a!different!antibody!targeting!the!α,!β!and!γ!isoforms!belonging!only!to!the!ΔN[P63!variant.!Nonetheless,!like!Wolff!and!colleagues’!report!(2009),!I!saw!a!strong!presence!of!ΔN[P63!protein!in!homozygote!mandibular!lysates.!Taken!together!with!what!was!revealed!by!(Wolff!et!al.,!2009),!my!results!strongly!suggest!that!the!transcription!and!translation!of!at!least!the!ΔN[p63!γ!isoform!occurs!in!embryos!despite!that!both!Trp63!alleles!have!been!mutated.!!! How!then!are!the!various!phenotypes!–!limbless,!toothless,!under[developed!skin!–!present!in!the!homozygote!despite!the!expression!of!ΔN[p63γ?!To!understand!this,!we!need!to!closely!examine!the!actual!Trp637locus!and!the!physical!location!of!the!insertion!mutation:!!!!!!!!!!!!
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!!!!!!!!!!!!! Figure!2!(Introduction!1.2)!A,!illustrates!a!normal!Trp637allele!found!in!wild!type!mice!and!the!resulting!sequence!in!the!mutated!mice!in!Figure!2B.!Transcription!and!translation!of!a!wild!type!allele!would!yield!all!α,!β!and!γ!isoforms!for!TA[P63!and!ΔN[P63!variants.!However,!in!the!mutant!allele!the!TA2p637and!ΔN2
p637variants!are!still!transcribed!and!translated!up!to!exon!10.!This!excludes!the!α!and!β!isoforms!but,!according!to!(Wolff!et!al.,!2009),!not!the!γ!isoform.!Thus,!in!the!homozygote,!truncated!ΔN[P63!proteins!are!produced!lacking!the!α!and!β!isoforms,!thus!rendering!these!proteins!incapable!of!properly!participating!in!the!development!of!epithelial[derived!structures!such!as!limbs,!teeth,!hair!follicles!and!skin.!!!! Here,!it!is!important!to!emphasize!that!the!presence!of!TAp63!variant!and!its!various!isoforms!are!not!seen!in!the!MdP!of!wild!type!mice!(Laurikkala!et!al.,!2006).!Rather,!Laurikkala!et!al!(2006)!showed!that!the!ΔN[P63!variant!is!strongly!expressed!in!the!wild!type!MdP,!particularly!in!the!tooth!organ.!My!data!reaffirm!the!conclusions!made!by!(Wolff!et!al.,!2009),!that!the!normal!expression!of!the!ΔN[p63γ!isoform!is!insufficient!to!properly!develop!teeth,!hair!follicles!and!limbs!within!the!
Brdm2!mutant!mice.!In!contrast,!the!absence!of!the!other!two!ΔN[P63!isoforms,!α!
B"
A"
P63"locus"and"inser2on"muta2on"
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and!β,!likely!explains!the!toothless!(yet!normal!mandible)!phenotype!seen!in!homozygotes.!Laurikkala!et!al!(2006)!reported!a!similar!finding!from!immunoblots!performed!on!extracted!skin!tissue!(presumably!non[MdP!albeit!not!clearly!stated!as!such)!from!E13!and!E14!wild!type!and!homozygote!mice:!the!predominant!isoform!in!wild!type!skin!lysates!was!ΔN[p63α.!Interestingly,!amongst!the!mutants,!skin!samples!showed!no!isoforms!of!ΔN[P63!protein!(Laurikkala!et!al.,!2006).!My!results,!however,!do!not!speak!to!specific!isoforms!of!the!ΔN[P63!but!confirm!that!ΔN[P63!protein!products!of!some!type!are!present!in!the!homozygote!MdP.!Also,!the!difference!between!my!results!and!those!of!Laurikkala!and!colleagues!(2006)!might!be!explained!by!the!different!sources!of!antibodies!used!to!detect!the!ΔN[P63:!my!antibodies!were!from!Santa!Cruz!Biotechnology!(Dallas,!U.S.A.)!and!Laurikkala’s!study!used!antibodies!from!Neomarker!(Fremont,!U.S.A.).!Second,!different!samples!were!used!to!test!the!presence!of!ΔN[P63:!my!study!used!the!entire!MdP!while!(Laurikkala!et!al.,!2006)!used!skin.!Moreover,!the!Laurikkala!et!al.!(2006)!article!unfortunately!contains!a!few!gaps,!particularly!due!to!the!omission!of!immunohistochemistry!for!ΔN[P63!isoforms!in!Brdm2!mutant!embryos!as!negative!controls.!A!useful!future!project!would!be!to!show!the!presence!of!the!various!isoforms!of!ΔN[P63!in!the!wild!type!mouse!and!how!this!expression!is!altered!in!the!homozygote.!!!! Although!the!following!detail!does!little!to!help!clarify!the!debate!about!protein!production!in!the!Brdm27mutant,!it!is!worth!mentioning!that!Birkaya!and!colleagues!(2007)!demonstrated!that!the!three!isoforms!of!ΔN[P63!collectively!control!the!transcription!of!62!downstream!genes!in!keratinocytes.!The!protein!products!from!these!62!genes!are!involved!in!wide!range!of!biochemical!functions!from!notch!signaling!to!iron!metabolism.!I!believe!my!work!has!added!3!more!candidate!targets!that!are!regulated!at!least!at!the!transcript!level!by!ΔN[P63.!It!is!therefore!important!in!the!future!to!test,!using!chromatin!immuno[precipitation,!which!isoforms!of!the!ΔN[P63!variant!regulate!the!expression!of!the!four!candidate!
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genes!(Fermt1,!Pltp,!Krt228!and!Cbln1)!identified!in!my!study!and,!using!in7situ,!to!investigate!the!distribution!of!α,!β!and!γ!isoforms!in!the!MdP.!!!
2.4.6%Future%directions%and%conclusions%! Clearly,!much!more!work!is!required!to!understand!the!complex!roles!that!the!five!studied!genes!–!Trp63,!Fermt1,!Cbln1,!Pltp!and!Krt228!–!and!their!protein!products!may!play!during!odontogenesis.!Localization!studies!need!to!be!conducted!to!determine!and!compare!the!precise!location!of!mRNAs!and!proteins!for!Fermt1,!
Pltp!and!Cbln17in!the!(dental)!epithelium!of!the!putative!mandibles!of!homozygote,!heterozygote!and!wild!type!mice.!I!suspect!that!FERMT1!will!be!expressed!at!the!epithelial[mesenchymal!interface!as!FERMT1!binds!to!integrins!for!their!normal!cell!signalling!(Patel!et!al.,!2013).!Also,!specifically!in!the!homozygote!embryo,!since!communication!between!single[layered!epithelia!and!the!underlying!mesenchyme!is!disrupted!(Yang!et!al.,!1999),!I!would!propose!that!FERMT1!expression!would!be!disrupted!in!the!homozygote!MdP!except!that!western!blot!data!showed!relatively!normal!levels!of!FERMT1!in!the!homozygote!compared!to!the!wild!type.!Thus,!while!general!expression!levels!are!near!normal,!FERMT1!protein!localization!in!the!homozygote!might!be!altered,!contributing!to!the!extreme!phenotype.!Therefore,!I!predict!that!the!homozygote!would!lack!FERMT1!specifically!in!the!oral!epithelium!that!is!committed!to!tooth!formation.!!Another!possibility!is!that!FERMT1!is!present!at!normal!levels!in!epithelial!and!mesenchyme!cells!but!is!not!anchored!to!the!cell!membranes!(Lai[Cheong!et!al.,!2008)!and!thus!cannot!interact!with!integrins!to!perform!its!function.!It!would!be!interesting!to!experimentally!test!if!an!epithelial!transplant!from!a!wild!type!MdP!to!a!Brdm2!mutant!MdP!stripped!of!its!epithelium!would!re[establish!communication!between!the!epithelium!and!mesenchyme!in!the!homozygote.!Such!transplant!experiments!have!been!performed!with!Msx1!mutants!(Bei!et!al.,!2000).!I!predict!that!if!a!successful!epithelial!transplant!is!done!well!before!the!early!stages!of!
! 78!
odontogenesis!then!it!would!be!possible!to!rescue!the!toothless!phenotype.!Furthermore,!to!determine!a!protein’s!function!one!could!also!mutate!or,!better!yet,!
delete!the!allele,!thus!rendering!the!protein!incapable!of!carrying!out!its!function!or!of!simply!being!made!at!all.!This!can!be!performed!for!the!genes!studied!as!well!the!isoforms!of!ΔN[P63,!particularly!the!α!and!β.!This!work!would!then!provide!more!direct!insights!into!how!odontogenesis!copes!with!a!loss!of!function!or!a!deletion!of!my!three!studied!genes.!With!proper!protocols,!trained!personnel,!and!access!to!necessary!laboratory!equipment,!generating!a!knockout!or!mutant!mice!can!be!accomplished!within!a!few!months,!at!a!cost!of!$7,000[12,000.!Alternatively,!mutant!or!knockout!mouse!generation!can!be!outsourced!to!well[established!laboratories!such!as!Jackson!or!genOway!Laboratories.!!A!nearer[future!goal!would!be!to!characterize!how!the!TRP63!protein!interacts!with!FERMT1,!KRT2[8!and!CBLN1!through!the!various!stages!of!tooth!development!beginning!at!E10.!Protein[protein!or!protein[DNA!interaction!studies!would!give!a!more!precise!and!complete!understanding!of!molecular!interactions!among!these!genes.!Such!tests!can!be!accomplished!relatively!quickly!with!co[immuno[precipitation,!and!affinity!purification!coupled!with!mass!spectrophotometry.!However,!from!my!RNA!work!alone,!it!is!evident!that!upon!mutation!of!TRP63,!Cbln1!and!Krt228!are!up[regulated!while!Fermt1!is!down[regulated.!Post[translation,!the!protein!expression!levels!are!a!bit!complicated,!and!this!is!where!the!above[mentioned!methods!are!essential!to!test!if!TRP63!is!in!physical!contact!with!these!three!proteins.!If!TRP63!binds!to!any!one!of!the!protein!products!of!the!genes!studied,!and!the!proteins!are!expressed!in!odonto[specific!regions!within!the!jaws,!then!can!we!conclude!that!TRP63!works!with!the!protein!products!of!the!genes!to!directly!promote!odontogenesis,!and!that!these!genes!act!in!the!Trp63!signaling!network.!!! It!is!also!important!to!determine!if!the!Brdm2!mutant!phenotype!is!due!to!lack!of!communication!between!the!epithelia!and!mesenchyme!and/or!
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compromised!structural!integrity!of!the!incompetent!epithelium.!In!other!words,!is!the!epithelium!structurally!sound!but!genetically!incapable!of!effectively!communicating!with!the!mesenchyme;!or!are!the!cells!atrophying,!dying,!or!failing!to!proliferate!as!needed?!Epithelial!layer!viability!can!be!tested!via!excision!of!the!layer!and!subsequent!cell!culture!to!test!if!the!epithelial!cells!grow.!Subsequently,!the!bromodeoxyuridine!(BrdU)!cell!proliferation!assay!can!be!performed!to!label!and!thus!detect!any!proliferating!epithelial!cells!(i.e.,!in!S[phase).!It!is!clear!that!the!various!skin!layers!fail!to!develop!in!newborn!mice!(Mills!et!al.,!1999).!As!such,!I!think!that!it!is!likely!that!in!the!Brdm2!mutant!both!the!health!of!the!epithelial!cell!layer!and!the!epithelia[mesenchymal!connection!are!compromised,!and!that!these!two!problems!accelerate!the!formation!of!the!various!phenotypes!present!in!the!
Brdm2!mutant.!!!As!mentioned!above,!for!all!the!studies!done!and!published,!the!individual!roles!that!the!three!ΔN[P63!isoforms!play!during!tooth!development!are!still!unclear.!Hence,!another!future!goal!could!be!to!generate!isoform[specific!knockouts!for!ΔN2p63!variant!of!Trp63.!It!is!already!known!from!(Wolff!et!al.,!2009)!that!the!γ!isoform!is!transcribed!and!present!within!the!mutant,!and!that,!taken!with!my!own!results,!its!presence!is!not!enough!for!odontogenesis!to!proceed.!Laurikkala!and!co[workers!(2006)!revealed!with!immunohistochemistry!and!in2situ!hybridization!assays!that!ΔN2p63!is!strongly!expressed!in!the!invaginating!epithelium!at!cap!stage,!as!well!as!in!the!outer!enamel!epithelium!during!bell!stage!of!odontogenesis;!however!and!unfortunately,!these!researchers!did!not!clarify!which!of!the!specific!isoforms!they!probed!for.!!Despite!the!strengths!of!experiments!performed!it!is!important!to!acknowledge!a!few!limitations!in!the!present!study.!Firstly,!for!the!RT[qPCR!assay,!probing!for!Trp637transcripts!was!done!through!specific!primers!targeting!exon!14.!Unfortunately,!these!primers!were!the!only!ones!used!for!identifying!levels!of!Trp63!in!all!three!genotypes!at!all!four!embryonic!stages.!Considering!that!there!is!
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contention!about!the!mRNA!and!protein!products!of!the!mutated!Trp63!allele,7generation!of!multiple!primers!targeting!specific!exons!is!necessary!to!accurately!determine!the!true!make[up!of!the!transcript!products!of!the!mutated!Trp637alleles.!Furthermore,!the!TRP63!antibodies!used!in!this!study!were!specific!for!the!α,!β!and!γ!isoforms!belonging!to!the!ΔN[P63!variant.!Specific!isoforms!levels,!however;!were!not!determined,!as!that!would!require!reference!bands!generated!by!isoform[transfected!cell!lysates.!Also,!this!study!utilized!digested!MdP!comprising!of!epithelial,!mesenchymal,!neural,!muscular,!and!other!tissue!types,!therefore!any!subtle!genetic!changes!in!the!relatively!small!developing!tooth!organ!would!be!masked!by!the!presence!of!non[tooth!tissues.!!!In!summary,!mutation!of!both!wild!type!Trp63!alleles!arrests!the!development!of!all!epithelial[derived!structures!such!as!teeth,!hair!and!limbs.!The!
Brdm2!mutant!mouse,!which!develops!normal!lower!mandible!and!no!teeth,!is!thus!an!appropriate!and!useful!model!for!researchers!interested!in!identifying!the!distinct!set!of!genes!that!work!in!odonto[specific!molecular!networks.!The!caveat!is!that!the!study!of!the!entire!macerated!MdP,!including!dental!and!non[dental!tissues,!inevitably!conflates!the!functions!and!expression!domains!of!genes[of[interest.!Thus!future!work!would!do!well!to!probe!either!isolated!tissue!types!or!assess!the!entire!MdP!without!mixing!structures!using!immunohistochemistry!and!in7situ!hybridization.!Nonetheless,!microarray!molecular!analyses!spanning!E10[13!of!the!presumptive!mandible!in!Brdm2!mutant!mice!revealed!significant!differences!in!levels!of!mRNA!expression!of!many!genes!including!Krt1214,7Krt228,7Krt1218,7Krt215,!
Cbln1!and!Fermt1.!The!goal!of!this!study!was!to!test!the!veracity!of!microarray!results!revealing!differences!in!mRNA!expression,!using!RT[qPCR,!and!to!quantify!post[translation!products!(i.e.,!proteins)!of!a!subset!of!genes.!Gene[specific!RT[qPCR!analysis!corroborated!the!differences!flagged!by!microarray!assays!between!the!homozygote!mice!relative!to!same[aged!heterozygote!littermates.!Expression!of!
Cbln1!and!Krt228!was!significantly!increased!while!the!opposite!was!seen!for!Fermt1!amongst!E10[13!mandibular!tissues.!These!changes!however,!were!restricted!to!
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mRNA,!not!protein.!Western!blot!analysis!of!the!mandibular!prominence!aged!E12[13!revealed!minute!upregulation!and/or!downregulation!for!CBLN1!and!FERMT17in!homozygotes!relative!to!wild!type!and!heterozygote!samples.!Hence,!it!is!clear!than!that!two!copies!of!a!dysfunctional!Trp637allele!do!not!affect!the!expression!of!CBLN1!and!FERMT1!proteins!even!if!they!do!perturb!the!activity!of!the!transcripts!of!these!same!genes.!!!On!a!broader!scale,!the!work!presented!here!aimed!to!begin!to!unravel!the!molecular!requirements!of!normal!tooth!morphogenesis!to!the!exclusion!of!lower!jaw!morphogenesis.!My!work!focused!on!a!subset!of!genes!that!may!function!in!the!development!of!normal!teeth.!The!activity!of!this!subset!of!genes!appears!to!be!disturbed!at!the!stage!of!mRNA!expression!due!to!a!mutation!in!ΔN[P63!specifically.!The!fact!that,!within!the!Brdm2!mutant,!mandible!formation!proceeds!normally!and!yet!tooth!development!is!arrested!would!suggest!that!there!exists!an!unknown!molecular!pathway!involved!only!in!odontogenesis.!According!to!the!Venn!diagram!(Figure!19),!such!a!pathway!would!be!restricted!to!the!green!region.!However,!caution!must!be!maintained!in!directly!associating!these!studied!genes!to!odontogenesis,!as!that!would!require!more!experimentation,!as!mentioned!above.!My!study!has!validated!differences!in!the!expression!of!some!novel!genes,!whose!mRNA!and!but!not!protein!levels!are!altered!by!the!mutation!of!ΔN[P63.!Whether!these!targets!directly!promote,!or!participate,!in!the!normal!development!of!teeth!to!the!exclusion!of!jaws!remains!a!mystery.!The!work!presented!in!this!thesis!does!hint!towards!a!ΔN[P63[dependent!tooth!specific!pathway!that!is!unassociated!with!the!development!of!jaws.!!!!!!!!
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!!!!!!!!
Figure!19.!Venn!diagram!revisited,!with!inclusion!of!possible!gene!candidates!involved!in!odonto[specific!molecular!mechanisms!in!the!green!region.!!! In!closing,!the!data!presented!here!does!not!negate!the!hypothesis!that!teeth!and!jaws!develop!via!separate!and!distinct!signaling!pathways,!rather!it!emphasizes!that!more!experimentation!is!required!to!determine!the!roles!of!these!genes!and!their!protein!product!in!odontogenesis.!The!mandible!and!teeth!tissues!arise!from!CNC!derived!cells!that!migrate!anteriorly,!early!in!development.!Selective!gene!expression!ultimately!dictates!certain!CNC!cells!to!give!rise!to!teeth!tissue!and!others!to!form!mandible.!I!believe!the!genes!highlighted!in!this!study!are!candidates!that!participate!in!probable!tooth[only!genetic!mechanisms.!Secondly,!my!results!suggest!that!TRP63!targets!Cbln1,7Krt228,7Fermt17and!Pltp!within!the!MdP.!While!I!am!unable!to!preclude!that!these!genes!also!normally!function!in!mandible!morphogenesis,!if!they!do!then!their!roles!would!appear!to!be!non[essential.!!Exploring!the!genetics!behind!tooth!morphogenesis!is!absolutely!crucial!to!understanding!this!process!relative!to!the!upper!jaw!skeleton/mandible!tissues!that!
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first!encapsulate!and,!later,!form!adjacent!to!the!dentition!as!it!mineralizes!and!erupts.!The!presented!molecular!work!helps!address!the!current!need!to!unravel!the!distinct!demands!for!the!development!of!the!two!tissues,!but!to!more!completely!characterize!how!odonto[mandibular!formation!successfully!occurs,!it!is!important!to!understand!how!the!genes!ultimately!work!to!drive!morphology!and!structure.!A!complementary!approach!and!a!solution!to!this!challenge!is!to!visualize!and!measure!the!morphology,!structure!and!positions!of!the!teeth!relative!to!the!surrounding!jaw!tissues.!In!the!next!chapter!I!present!and!discuss!the!new!3D!imaging!technique,!using!a!silver[based!contrast!agent,!that!I!helped!pioneer!to!see!and!study!the!physical!relationships!between!tooth!and!jaw!tissues!throughout!embryogenesis!in!mouse.!!! !
! 84!
3%Development%of%a%method%to%visualize%tooth%and%jaw%formation%in%
3D%using%synchrotron%light%!! The!following!chapter!is!a!summary!of!a!published!research!article!(Raj!et!al.,!2014).!
!
3.1%Introduction%%!! This!chapter!highlights!our!studies!of!tooth!and!jaw!morphology!in!3D!in!mice!aged!E10!and!older!using!X[ray!based!synchrotron!and!desktop!μ[CT!scanning.!Micro[CT!scanning!generally!uses!absorption!properties!of!hard!mineralized!tissue!imaged!from!a!series!of!successfully!different!angles!to!form!3D[reconstructed!images!of!the!specimen.!In!this!chapter!I!present!a!new,!easy[to[follow,!simple!and!relatively!inexpensive!technique!to!stain!soft!tissue!for!μ[CT!scanning.!!! The!first!goal!of!this!study!was!to!test!the!effectiveness!of!Protargol!(a!tissue!staining!agent!containing!silver)!to!penetrate!whole!embryos!aged!E10[14,!16,!18!and!P0[P1!(neonatal!mice).!Related!to!this!first!goal,!I!also!compared!and!contrasted!the!overall!staining!effectiveness!and!subsequent!μ[CT!image!quality!of!embryos!stained!with!Protargol!against!embryos!stained!with!phosphotungstic!acid!(PTA)!and!not!stained!at!all,!as!control!specimens.!Second,!and!the!crux!of!this!work,!I!compared!and!contrasted!synchrotron!μ[CT!with!conventional!desktop!μ[CT!using!Protargol[stained!whole!embryos!to!test!if!one!or!both!of!these!imaging!modalities!visualized!in!high[resolution!and!histological!detail!the!earliest!development!of!teeth!in!3D.!!!! I!hypothesized!that!visualizing!tooth!organogenesis!in!3D!in!whole!embryos!would!be!successful!via!Protargol!absorption!into!whole,!uncut!embryos!and!subsequent!detection!of!silver!by!near!K[edge!high[resolution!μ[CT!imaging!at!the!synchrotron.!Staining!embryos!aged!E16!and!older!might!prove!less!effective!due!to!
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bone!mineralization!and!advanced!development!of!skin,!which!of!course!acts!like!a!natural!barrier!to!external!substances.!I!expected!that!both!Protargol!and!PTA!would!have!superior!soft!tissue!penetration!capabilities!compared!to!unstained!specimens!(control)!in!terms!of!visualizing!internal!and,!especially,!soft[tissue!structures.!Furthermore,!as!synchrotron!μ[CT!scanning!can!be!optimized!for:!1)!Protargol!stained!specimens!(i.e.!by!tuning!the!beam’s!photon!energy!just!above!the!K[edge!of!silver!for!maximum!contrast!while!maintaining!higher!flux!than!desktop!μ[CT!systems);!and!2)!smaller!E10[14!embryos!via!easily!inter[changeable!camera!systems!that!provide!extremely!high!resolutions,!I!predicted,!that!synchrotron!scanning!would!clearly!visualize!the!onset!of!tooth!organogenesis!in!whole,!Protargol[stained!mouse!embryos.!!! !
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3.2%Materials%and%Methods%
7
3.2.1%Staining%embryonic%tissue%for%synchrotron%and%desktop%μTCT%scanning%! !! Mouse!embryos!aged!E10[14,!16,!18!and!P0[P1!(neonates)!were!collected!in!cold!L[15!(Life!Technologies,!Carlsbad,!U.S.A.)!from!pregnant!Trp63+/[!mothers.!Heads!of!embryos!were!excised!from!the!body!and!fixed!overnight!in!a!solution!of!4%!paraformaldehyde!(PFA)!(Thermo!Fisher,!Waltham,!U.S.A.)/5%!gluteraldehyde!(Thermo!Fisher,!Waltham,!U.S.A.)!in!1x!PBS.!The!following!day,!the!heads!were!dehydrated!with!a!graded!ethanol!(EtOH)!series!of!25%!and!50%!in!1x!PBS,!and!then!75%!and!95%!ethanol!in!distilled!water,!with!a!final!wash!of!100%!EtOH.!Specimens!were!then!stained!with!a!1%!Protargol[S!(Poly[sciences,!Warrington,!U.S.A.)!solution!at!37°C!for!12[48!hr!at!37°C,!Phosphotungstic!acid!(PTA,!Thermo!Fisher,!Waltham,!U.S.A.)!at!3(1%(wt/vol!PTA)):7!(100%!EtOH)!overnight!at!4°C.!Protargol[S!is!also!called!silver[proteinate!or!simply!silver!stain!in!this!thesis.!Some!embryos!were!also!left!unstained!as!controls.!Subsequently,!specimens!were!μ[![CT!scanned!using!a!desktop!system!or!synchrotron!technology.!It!should!be!noted!that!both!synchrotron!and!desktop!scanning!used!metal!filters,!in!attempts!to!refine!the!beams!for!optimized!imaging.!See!Table!10!below!for!details!of!the!samples!imaged!and!analyzed!in!this!thesis:!!!!!!!!!
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Table!10.!Detail!summary!of!number!of!embryonic!heads!scanned,!the!staining!agent!used,!and!scanning!modality!(desktop!μ[CT,!underline,!and!synchrotron!μ[CT!no!underline).!!!!!!!!!!!!!!!!!!!!!!!!!!!!
Silver'study'
sample preparation and research question (Metscher,
2009b). This type of tissue staining is a simple yet effec-
tive tool with which to enhance the contrast, and
increase the radio-opacity, of soft tissues that could oth-
erwise not be seen if imaged with desktop mCT scanning
(Metscher, 2009a; Pauwels et al., 2013). Here, we tested
the efficacy of a silver-based contrast agent, Protargol-S,
to visualize the earliest stages of odontogenesis.
Protargol-S (hereafter referred to simply as protargol) is
a silver-protein compound typically made from a silver-
containing substance such as silver nitrate, and a
peptone such as partially hydrolyzed egg albumen
(Romanes, 1950; Davenport et al., 1952). Protargol is
capable of staining certain sectioned, slide-mounted
structures more effectively (Dawson and Barnett, 1944),
including nervous tissues (Bodian, 1936), glandular tis-
sues (Dawson and Barnett, 1944), and epithelia (Peters,
1958, 1959). Most salient to our research question, pro-
targol has also been used to study the innervation of
developing human teeth (Pearson, 1977). Other silver
containing compounds, silver nitrate in particular, have
been successfully used as contrast agents for desktop
mCT and synchrotron mCT on sectioned specimens includ-
ing human lungs (Watz et al., 2005), human cerebral
cortex (Mizutani et al., 2008), mouse intestinal villi (Miz-
utani and Suzuki, 2012), honey bee chitin (Butzloff,
2011), and similar structures in other organisms (Mizu-
tani et al., 2009). Yet to our knowledge, silver-based con-
trast agents have not been applied to the problem of
visualizing whole embryonic and/or soft tissue in 3D
using mCT scanning. Contrast agents are also useful for
synchrotron imaging, particularly because the beam
energy can be tuned to maximize the contrast of a par-
ticular element, including silver. Imaging with the beam
at or just above the K-edge of silver produces an absorp-
tion pattern of light such that silver-stained tissues are
preferentially detected over tissues that are unstained
(or more weakly stained) with silver. The relatively low
K-edge of silver (25.5 keV, Fig. 2) makes it possible to
detect soft tissues that have absorbed the silver-based
contrast agent while not “burning out” these tissues (i.e.,
the higher energy beam passes right through the tissue
with little or no absorption). The synchrotron strikes a
balance between absorption, contrast, and detection
because the beam can be tuned to a lower energy while
maintaining high flux. The filters and energies required
for K-edge imaging on the synchrotron are not workable
on a standard desktop mCT scanner since the flux (num-
ber of photons/area) would fall too low on this system.
The K-edge of tungsten (about 80 keV) is also generally
not exploited because conventional desktop mCT scanners
are capable of a maximum voltage of about 80 kVp and
resulting energy of about 40 keV (Metscher, 2009a, b). As
access to synchrotron mCT is rare compared to desktop
mCT, here we use both scanning modalities alongside pro-
targol to image in 3D the earliest stages of tooth morpho-
genesis in whole prenatal and neonatal mice. As a brief
summary, we found protargol effective for imaging with
desktop mCT, most effective for imaging with synchrotron
mCT, and a fast, safe, simple, and inexpensive contrast
agent for imaging internal and external structures in
whole embryos aged younger than E15.
MATERIALS AND METHODS
Embryonic Mouse Specimen Collection and
Fixation
We collected embryos aged embryonic (E) days E10–
13, E16, 18, and neonates (P0, P1) (Table 1) from our
Fig. 2. Graphical representation of the attenuation properties of silver,
the main ingredient in protargol; tungsten, the main component of PTA;
and water, all represented as functions of X-ray photon energy. Embryos
were scanned at a bandwidth beam energy ranging from about 25 to 28
keV (pale vertical bar). The lower K-edge of energy of silver (25 keV, solid
arrow) can be achieved at the synchrotron, but at this time the much
higher K-edge energy of tungsten (75 keV, broken arrow) is unattainable.
TABLE 1. The numbers, ages, treatments and imaging of specimens included in this study and scanned using
desktop l-CT (underlined) from those scanned using synchrotron l-CT (no underline)
Age Unstained PTA-stained
Protargol/
silver-stained
Desktop
mCT scanned
Synchrotron
mCT scanned
E10 1 1 1, 1 3 1
E11 – 7 5, 1 12 1
E12 3 2 2, 1 7 1
E13 1 1, 1 1, 1 2 3
E14 – 3 1, 1 4 1
E16 1 1 1, 2 3 2
E18 1 2 4 7 –
P0-1 – – 3, 1 3 1
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Scanning!parameters!(Table!11!below)!were!optimized!for!each!specific!specimen.!!!Table!11.!Summary!of!scanning!parameters!for!desktop!and!synchrotron!μ[CT!!
Note,!asterisk!(*)!indicates!photon!energy!slightly!above!the!K[edge!of!silver.!K[edge!is!the!minimum!photon!energy!required!to!remove!the!electron!closest!to!the!nucleus!of!a!particular!atom.!Imaging!above!K[edge!absorbs!the!photon,!thus!creating!absorption!based[contrast.!!! Raw!synchrotron!data!were!corrected!for!x[ray!beam!decay!with!Athabasca!Recon!(U!of!Calgary!https://bonelab.ucalgary.ca/node/501).!Both!synchrotron!and!desktop!μ[CT!data!were!than!reconstructed!using!NRecon!(Bruker,!Belgium).!Reconstruction!parameters!such!as!ring!artifact,!smoothing,!and!scan!alignment!
! Desktop%μTCT% Synchrotron%μTCT%
Source% Hamamatsu!100/250!source.! Biomedical!Imaging!and!Therapy[Bending!Magnet!beam[line!(BMIT[BM)!!05B1[1!
Voltage%% 40[kVp!voltage!and!250!μA!source!current.! 25.5[28!KeV*!
Camera% SkyScan!11!mega[pixel!camera.! E10–13![!AA40!beam!monitor!(Hamamatsu)!+!C9300[124!camera!system!(Hamamatsu)!!E16,!18,!neonatal![!AA60!beam!monitor!(Hamamatsu)!+!C9300[124!!
Filter% Aluminum!(0.5mm)!! Tin!(0.5!mm)!and!Aluminum!(5!mm)!
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correction!were!applied!appropriately!to!each!scan.!3D!renderings!and!virtual!sectional!images!of!each!scan!were!generated!via!Amira!(FEI,!Hillsboro,!U.S.A.).!!
3.3%Results%
% Firstly,!I!present!and!compare!tissue!contrast!and!detail!visualized!using!unstained!and!PTA[stained!to!Protargol[stained!specimens!scanned!using!conventional!desktop!μ[CT.!Next,!I!compare!unstained,!PTA[stained,!and!Protargol!stained!specimens!scanned!using!synchrotron!μ[CT.!Lastly,!I!qualitatively!compare!desktop!and!synchrotron!μ[CT!image!renderings!for!the!absence/presence!and!clarity!of!oral[dental!structures!that!each!imaging!modality!is!capable!of!showing.!!!
3.3.1%SilverTstained%specimens%provided%better%soft%tissue%contrast%compared%
to%PTATstained%or%unstained%specimens%!
Figure!20.!Synchrotron!μ[CT!scans!of!E13!mouse!embryos!that!were!unstained!(A),!PTA[stained!(B),!or!silver[stained!(C),!revealing!that,!under!these!scanning!parameters,!soft!tissue!contrast!is!optimal!in!the!silver[soaked!embryo.!Legend:!c,!cerebral!hemisphere;!e,!eye.!!! !Coronal!view!comparing!silver[stained,!PTA[stained!and!unstained!E13!specimens!scanned!with!synchrotron!μ[CT!revealed!a!clear!difference!among!the!various!staining!agents!(Figure!20).!Silver[soaked!embryos!(Figure!20C)!provided!excellent!contrast!both!externally!and!internally.!PTA[stained!specimens!(Figure!
A transverse slice of a synchrotron-scanned E13 specimen
stained with 1% protargol for 24 hr at 37!C (Fig. 6F,H)
showed features not visible in the corresponding trans-
verse section from an E13 specimen scanned using desk-
top mCT (Fig. 6E,G). The many small bright spots
interspersed throughout the virtual image slices of the
synchrotron mCT-scanned E13 specimen suggested that
the protargol stain pooled or accumulated preferentially
in vessels and/or nerves as well as in the brain. We noted
that protargol stain pooled in the E14 specimen (but not
E12 specimen) scanned with desktop mCT. Pooling of the
stain solution was seen in both desktop- and synchrotron-
Fig. 4. Synchrotron mCT scans of E13 mouse embryos (A) unstained, and stained with (B) phospho-
tungstic acid (PTA), or (C) protargol (silver proteinate) showing that tissue contrast and detail is clearest in
the silver-impregnated embryo. Legend: c, cerebral hemisphere; e, eye.
Fig. 5. Micro-CT scan images of protargol stained intact specimens
scanned using desktop and synchrotron systems showed internal
detail of organs and other tissues. With greater flux and peak beam
energy just above the silver K-edge (28.1 keV), synchrotron scans (8
mm pixel size) showed greater and additional detail compared to desk-
top scans (6 mm pixel size). Specimens aged E10 (A–D) and E11 (E–H)
scanned using the desktop system (A, C, E, G) and at the synchrotron
beam line (B, D, F, H) showing neural tissues (e.g., trigeminal ganglion,
brain, and somites), organs (e.g., heart and eye), and craniofacial
structures (e.g., first branchial arch; mandibular and maxillary proc-
esses) in detail in sagittal (A, B, E–H) and coronal (C,D) virtual slices
through the embryos. Legend: b, bone; e, eye; h, heart; mb, midbrain;
mc, mesencephalon; md, mandibular process; mx, maxillary process;
n, neural tube; pc, prosencephalon; rc, rhombencephalon; s, somite;
tg, trigeminal ganglion.
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20B)!showed!good!soft!tissue!contrast!limited!to!external!structures!while!unstained!specimens!(Figure!20A)!were!impossible!to!see!in!any!clear!detail!due!to!minimal!contrast.!!!
3.3.2%Desktop%μTCT%scanning%!
3.3.2.1)Scans)of)unstained)specimens)show)high)contrast)only)for)mineralized)
tissues))! Micro[CT!performed!on!an!unstained!E12!specimen!(Figure!21A)!using!the!desktop!scanner!revealed!little!soft!tissue!contrast.!There!was!no!visual!contrast!for!structures!such!as!eyes,!whisker!primordia,!vessels,!and!connective!tissue.!Scans!of!more!mature!E16[P1!unstained!specimens!did!however!show!detailed!contrast!for!mineralized!bone!in!the!head,!face!and!rib!cage!(Figure!21B).!Nonetheless,!the!relatively!limited!resolution!of!the!desktop!scanner!combined!with!poor!soft!tissue!contrast!in!unstained!specimens!made!it!impossible!to!visualize!the!developing!dentition.!!!
3.3.2.2)PTA)stain)creates)extensive)soft)tissue)contrast)in)specimens)aged)E10B
E14,)but)not)E16BP1.)! Soft!tissues!such!as!the!heart,!somites,!neural!tube,!and!MdP!were!clearly!visible!in!PTA[stained!E10[14!specimens!scanned!using!desktop!μ[CT!(Figure!21C).!However,!3D!rendering!of!the!MdP!did!not!show!tooth!organs.!Nonetheless,!external!or!more!superficial!structures!such!as!eyes!and!whisker!primordia!(Figure!21D)!were!better!highlighted!in!PTA[stained!specimens.!Micro[CT!scans!of!the!older,!more!mature!PTA[stained!E16,!18,!P0[1!specimens!revealed!the!limitations!of!this!specific!staining!agent.!3D!renderings!of!PTA[stained!E16,!18,!P0[1!embryos!reveal!a!uniform!deposit!of!the!stain!on!the!outermost!layer!of!the!skin!(Figure!21E,!F).!For!improved!penetration!of!PTA,!E16!specimens!were!decapitated!below!the!neck!prior!
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to!staining.!As!expected,!this!effected!soft!and!hard!tissue!contrast!within!E16!decapitated!heads!(Figure!21E)!versus!E18!intact!specimens!(Figure!21F).!Strangely,!contrast!was!more!pronounced!and!penetration!was!more!thorough!in!the!intact!E18!embryo!compared!to!the!decapitated!head!of!an!E16!embryo.!Specifically,!bone!was!not!visible!in!whole!heads!(E16)!but!was!clearly!highlighted!in!the!older!(E18)!whole!embryos.!!!
3.3.2.3)E10B14)specimens)stained)with)Protargol)show)great)soft)tissue)detail.!!! Protargol!staining!of!E10[14!embryos!and!subsequent!desktop!μ[CT!yielded!better!soft!tissue!contrast!than!PTA[stained!or!unstained!specimens!scanned!with!the!same!modality.!Internal!tissues!such!as!somites!were!brighter!and!more!easily!distinguishable!in!Protargol[stained!(Figure!21G,!H)!compared!to!PTA[stained!embryos!(Figure!21C,!D).!Furthermore,!the!silver[based!stain!provided!excellent!tissue!contrast!for!the!neural!tube,!(Figure!21G,!H)!and!eyes!(Figure!21G).!Due!to!resolution!limitations!of!the!desktop!μ[CT!system,!dental!tissues!were!not!visible!in!any!great!detail!in!the!Protargol!stained!embryos.!!!Older!E16[P1!decapitated!specimens!stained!with!Protargol!or!unstained!were!similar!in!internal!mineralized!tissue!contrast!(not!shown).!Surface!renderings!of!Protargol!stained!E18!specimen!showed!only!skin!morphology!and!external!ear!structures.!Eyes!at!E18!were!not!visible!because!the!eyelids!were!closed!as!of!E16!(Theiler,!1989;!Findlater!et!al.,!1993)!and,!like!skin,!these!lids!acted!as!a!physical!barrier!for!the!stain.!However,!in!intact!E16[18!embryos,!Protargol!appeared!to!collect!evenly!on!the!outermost!layer!of!skin,!particularly!around!the!whisker!primordia,!represented!by!intense!bright!dots!on!surface!renderings!of!desktop!μ[CT!scans.!!!!
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!
!Figure!21.!Desktop!μ![CT!scans!of!mouse!embryos!unstained!(A,!B),!stained!with!PTA!(C[F),!or!Protargol!(G[J).!A)!Unstained!E12!embryo!representative!of!E10[14!specimens!showing!soft!tissue!as!a!grey!mass!with!low!contrast.!B)!Older!unstained!E16!embryo!showing!contrast!for!only!mineralized!structures!such!as!bone.!C)!Software!generated!sagittal!section!of!PTA[stained!E12!embryo,!(D)!surface!rendering!of!the!same!embryo!revealing!external!features.!Older!PTA[soaked!specimens:!E16!(E),!and!E18!(F),!stained!with!PTA!revealing!the!limits!of!stain!penetration.!Surface!volume!rendering!of!Protargol[stained!E12!(G),!and!a!cross[sectional!sagittal!view!(H)!from!the!same!scan,!as!well!as!surface!rendering!of!E13,!showing!excellent!stain!penetration!resulting!in!clear!visualization!of!developing!soft!tissue.!Like!PTA,!Protargol!did!not!penetrate!older!specimens!(J)!hence!internal!structures!were!poorly!stained!and!tissue!contrast!was!minimal!to!none.!Legend:!b,!bone;!c,!cerebral!hemisphere;!de,!dentary;!e,!eye;!er,!ear;!f,!facial!process;!h,!heart;!hb,!hindbrain;!heart;!mc,!mesencephalon;!md,!mandibular!process;!mt,!metencephalon;!n,!neural!tube;!o,!otic!placode;!pc,!prosencephalon;!rc,!rhombencephalon;!s,!somite;!t,!tongue;!tg,!trigeminal!ganglion;!w,!whisker!primordia.!
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E18, and neonatal specimens at a distance of 12 cm
from an AA60 beam monitor (Hamamatsu). Each speci-
men was imaged in a 1.5 ml or 2.0 ml micro-centrifuge
tube filled with 13 PBS solution to reduce phase arti-
facts at the edges of the specimen and to minimize speci-
men dehydration during the long scan time. Specimens
aged E10–13 were scanned at a distance of 12 cm from
an AA40 beam monitor (Hamamatsu) with C9300-124
camera system (Hamamatsu) at a pixel size of 8 mm. We
acquired flat and dark images before and after each suc-
cessful scan to remov electronic oise and correct inho-
mogeneous beam intensity, including beam decay, and
variation in camera pixel sensitivity using Athabasca
Recon 1.3 (Nodwell and Boyd, 2011). Specimens aged
E10–13 were scanned with 4500 projections whereas
older E16, E18, and neonatal specimens were scanned
using 1,800 projections. All projection images were
reconstructed using NRecon 1.6.4. Image rendering, and
analyses were done using Amira 5.4.1.
RESULTS
First, we present and contrast the results from scans
of control (unstain d and PTA-stained) embryonic/fetal
mouse specimens with protargol-stained embryonic/
fetal mouse specimens, all imaged using the desktop
mCT system. Next, we contrast scans of both groups of
control specimens against the protargol-stained speci-
mens, all imaged using mCT at the synchrotron. Finally,
we compare the clarity and detail seen in images
acquired using desktop versus synchrotron-based mCT
scanning.
Desktop Micro-CT Scanning
Unstained specim ns showed high contrast for
mineralized structures only. After scanning
unstained sp cimens on the de ktop mCT at 40 kVp less
dense structures, such as soft tissues, were not clearly
visible in unstained specimens but appeared as a uni-
form grey mass. Somites and the neural tube were
faintly visible in E10–E14 specimens (Fig. 3A). Struc-
tures such as the eyes, whisker primordia, connective
tissues, and vasculature were not visible. Mineralized
structures—primarily bone—were clearly visible (Fig.
3B). Although the cranial and upper jaw bones and den-
tary bone of the lower jaw were clearly visible in E16-P1
specimens, the teeth particularly the molars were not
obvious.
PTA stain increased soft tissue contrast in
specimens aged E10–E14 but not E16-P1. Epithe-
lial structures were clearly visible in the younger (E10–
E14) PTA-stained specimens (Fig. 3C,D) scanned using
desktop mCT. Certain internal structures, especially the
epithelial lining around body cavities and the neural
tub , were well stai ed, appearing as bright areas on
the mCT images (Fig. 3C,D). Whisker primordia showed
up particularly clearly (Fig. 3D). Somites were also
clearly visible (Fig. 3C,D), as were the eyes (particularly
the lens) (Fig. 3D). Structures that resembled mouse
vasculature (Smith et al., 1994) were also seen. Signs of
tooth development were not visible. In the older PTA-
stained specimens aged E16, E18, P0-P1, scans of whole
heads showed a uniformly bright ring around the
Fig. 3. Desktop mCT scans of wildtype mouse embryos (A, B)
unstained, and (C-F) stained with phosphotungstic acid (PTA), or (G-J)
protargol (silver proteinate). (A) An unstained E12 embryo is represen-
tative of younger unstained specimens (E10–E14) in which soft tissues
appeared as an unclear mass. (B) In older unstained specimens ( 16-
P1), only mineralized structures (e.g., bone) were clearly visible. (C) A
virtual sagittal section through a PTA-stained E12 embryo, also shown
intact (D), with high tissue contrast clearly showing surface and inter-
nal structures in detail. An E16 head (E) and an E18 intact embryo (F),
both stained with PTA, show the limit of stain penetration in older
specimens. A protargol-stained E12 embryo in whole (G) and sagittal
(H) views, and a surface rendering of an E13 embryo (I), show external
and internal soft tissue features in high detail. (J) Similar to PTA, pro-
targol penetration was poor in intact older specimens. Legend: b,
bone; c, cerebral hemisphere; d , dentary; e, eye; er, ear; f, facial pro-
cess; h, heart; hb, hindbrain; heart; mc, mesencephalon; md, mandib-
ular process; mt, metencephaon; n, neural tube; o, otic placode; pc,
prosencephalon; rc, rhombencephalon; s, somite; t, tongue; tg, tri-
geminal ganglion; w, whisker primordia.
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3.3.3%Synchrotron%μTCT%Scanning%!
3.3.3.1)Synchrotron)μBCT)of)silverBstained)embryos)detected)structures)in)
histological)detail)not)visible)using)desktop)μBCT.))! Amongst!the!synchrotron!scans,!Protargol[soaked!specimens!were!imaged!more!clearly!and!comprehensively!than!PTA!or!unstained!specimens.!For!E10[13,!desktop!and!synchrotron!μ[CT!scans!revealed!exceptional!detail!of!trigeminal!ganglion,!otic!and!brain!vesicles!(E10–11,!Figure!22,!E12–13,!Figure!23),!the!lens!and!the!surrounding!retinal!tissue (Figure!23!D,!H),!as!well!as!the!developing!brain,!mandible!and!upper!jaw!structures!(E13,!Figure!23!G,!H).!Due!to!Protargol’s!ability!to!penetrate!various!structures!at!these!early!embryonic!stages!(E10[13),!contrast!was!enhanced!in!other!tissues!such!as:!skeletal!muscles!(Figure!22!G,!H),!bones,!and!cartilages!(Figure!23.!A–H)!in!both!desktop!and!synchrotron!μ[CT,!albeit!superior!in!the!latter.!Synchrotron!scans!were!better!than!desktop!scans!for!visualizing!certain!tissue!types!such!as!the!eye!and!its!surrounding!muscles,!tongue!and!the!trigeminal!ganglion.!Virtual!transverse!sections!of!a!synchrotron!μ[CT!scan!(Figure!23.!F,!H)!of!an!E13!specimen!soaked!in!Protargol!revealed!anatomical!features!not!visible!in!the!desktop!μ[CT!scan!(Figure!23!E,!G).!Protargol!however,!did!accumulate!within!cavities!and!blood!vessels,!creating!intense!spots!of!absorption!leading!to!artifacts!and!making!it!difficult!to!visualize!surrounding!tissues,!in!both!synchrotron!and!desktop!μ[CT!scan.!In!general,!synchrotron!μ[CT!generated!finer,!more!detailed!images!of!developing!soft!tissue!structures!both!externally!and!internally!for!a!whole!mouse!embryo.!!!!!!
)
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)!Figure!22.!Internal!anatomy!of!soft!tissue!in!Protargol!stained!mouse!embryo!E10,!11!using!desktop!and!synchrotron!μ[CT.!Scans!from!the!synchrotron,!with!its!greater!flux,!better!camera!system,!and!a!peak!beam!energy!of!28.1!KeV,!just!above!the!K[edge!of!silver,!produced!images!with!greater!resolution!relative!to!desktop!scans.!Embryonic!tissue!from!E10!(A[D),!and!E11!(E[H)!scanned!using!desktop!μ[CT!(A,!C,!E,!G)!and!synchrotron!μ[CT!(B,!D,!F,!H)!enabling!the!visualization!of!neural!tissues!(e.g.,!trigeminal!ganglion brain,!and!somites),!organs!(e.g.,!heart!and!eye),!and!craniofacial!structures!(e.g.,!first!branchial!arch;!mandibular!and!maxillary!processes)!in!detail.!Legend:!b,!bone;!e,!eye;!h,!heart;!mb,!midbrain;!mc,!mesencephalon;!md,!mandibular!process;!mx,!maxillary!process;!n,!neural!tube;!pc,!prosencephalon;!rc,!rhombencephalon;!s,!somite;!tg,!trigeminal!ganglion.!!! Specimens!aged!E10!(Figure!22!A–D)!and!E11!(Figure!22E–H)!scanned!using!the!desktop!system!(Figure!22!A,!C,!E,!G)!and!at!the!synchrotron!beam!line!(Figure!22!B,!D,!F,!H)!showing!neural!tissues!(e.g.,!trigeminal!ganglion).!!
)
A transverse slice of a synchrotron-scanned E13 specimen
stained with 1% protargol for 24 hr at 37!C (Fig. 6F,H)
showed features not visible in the corresponding trans-
verse section from an E13 specimen scanned using desk-
top mCT (Fig. 6E,G). The many small bright spots
interspersed throughout the virtual image slices of the
synchrotron mCT-scanned E13 specimen suggested that
the protargol stain pooled or accumulated preferentially
in vessels and/or nerves as well as in the brain. We noted
that protargol stain pooled in the E14 specimen (but not
E12 specimen) scanned with deskt p mCT. Pooling of the
stain solution was seen in both desktop- and synchrotron-
Fig. 4. Synchrotron mCT scans of E13 mouse embryos (A) unstained, and stained with (B) phospho-
tungstic acid (PTA), or (C) protargol (silver proteinate) showing that tissue contrast and detail is clearest in
the silver-impregnated embryo. Legend: c, cerebral hemisphere; e, eye.
Fig. 5. Micro-CT scan images of protargol stained intact specimens
scanned using desktop and synchrotron s stems showed internal
detail of organs and other tissues. With greater flux and peak beam
energy just above the silver K-edge (28.1 keV), synchrotron scans (8
mm pixel size) showed greater and additional detail compared to desk-
top scans (6 mm pixel size). Specimens aged E10 (A–D) and E11 (E–H)
scanned using the desktop system (A, C, E, G) and at the synchrotron
beam line (B, D, F, H) showing neural tissues (e.g., trigeminal ganglion,
brain, and somites), organs (e.g., heart and eye), and craniofacial
structures (e. ., fir t bra chial arch; mandibular and maxillary proc-
esses) in detail in sagittal (A, B, E–H) and coronal (C,D) virtual slices
through the embryos. Legend: b, bone; e, eye; h, heart; mb, midbrain;
mc, mesencephalon; md, mandibular process; mx, maxillary process;
n, neural tube; pc, prosencephalon; rc, rhombencephalon; s, somite;
tg, trigeminal ganglion.
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)!!!Figure!23.!Protargol[stained!embryos!from!E12!(A[D)!and!E!13!(E[H)!scanned!using!desktop!(A,!C,!E,!G)!and!synchrotron!(B,!D,!F,!H)!μ[CT!in!sagittal!(A,!B,!E,!F)!and!coronal!(C,!D,!G,!H)!planes.!In!comparison!to!desktop!μ[CT,!synchrotron!μ[CT!showed!much!finer,!histology[like!detail.!Specifically,!tooth!germs!appeared!in!desktop!μ[CT!(C,!G)!as!a!dense!mass,!however!finer!detail!of!the!actual!tooth!germ!anatomy!is!visible!only!in!synchrotron!μ[CT!scans!(D,!H).!In!addition,!Protargol!was!absorbed!by!several!other!tissue!types:!muscles,!cartilages,!non[mineralized!bone,!nerves,!and!the!eye!lens.!Legend:!b,!bone;!c,!cerebral!hemisphere;!eo,!extrinsic!ocular!muscles;!h,!heart;!l,!lens;!m,!muscle;!mb,!midbrain;!mc,!mesencephalon;!n,!neural!tube;!r,!retina,!s,!somite;!t,!tongue;!tg,!trigeminal!ganglion.!!
scanned specimens. This pooling is a potential concern
because the excess silver can obscure fine-detailed struc-
tures. Although both d sktop and synchrotron l-CT scans
showed detailed anatomical structure of not only external
features but also internal organs, the synchrotron image
data showed all morphology in much greater detail com-
pared to the desktop mCT images.
Silver-stained oral-dental tissues were imaged
most clearly with synchrotron lCT. One of the
most notable differences between desktop mCT and syn-
chrotron mCT was that the synchrotron images clearly
showed in extremely fine detail even the earliest stages
(Fig. 1) of tooth development. Both synchrotron (Fig.
7A,C,D) and desktop (Fig. 7B) l-CT scans of silver-
stained embryos imaged the onset of first molar (Fig.
7A) and incisor (Fig. 7C) tooth development as local
thickenings of the dental lamina, through to bud stage
and cap stage. However, the resolution and thus detail
shown by the synchrotron images were far greater such
that the specific parts of the tooth organ were clearly
distinguished (Fig. 7A,C) and identified versus the desk-
top images where the tooth organ looked more like a
grainy mass (Fig. 7B). Mandibular and maxillary bones,
cartilages, and associated muscles (Fig. 7B,D) were also
visible in both desktop and synchrotron scans of silver-
stained embryos, although, again the detail was much
greater in the synchrotron images. In frontal view, the
shape of the first molar tooth germ looked spherical
(Fig. 7D.i). However, after rotating (Fig. 7D.ii) through
the axis (Fig. 7D.i, iii, orange line) 90!, in parasagittal
view the shape of the same molar tooth germ was elon-
gate and spanned the entire length of the maxillary pro-
cess (Fig. 7D.iii). As noted earlier, silver stain
penetration was noticeably sub-optimal above the age of
about E15 and thus tissue contrast was poor to non-
existent in the scans of wholemount E18 and neonatal
specimens (not shown). Neither control specimen
(unstained E13 embryo; PTA-stained E13 embryo)
scanned at the synchrotron showed internal structures,
including the teeth, in clear and comparable detail to
same-aged (E13) silver-stained embryos (Fig. 4).
Thus, in summary, as a contrast agent we found that
protargol was at least equal to PTA for whole embryos
aged E10 to no older than E15 using both desktop lCT
and synchrotron lCT scanning; and synchrotron scans of
protargol-stained embryos using K-edge imaging showed
the finest detail at highest resolution.
DISCUSSION
Protargol Stain Is an Effective Contrast Agent
for Both Desktop and Synchrotron lCT
Imaging
Using synchrotron-based mCT we saw the most surface
and internal structures in the greatest detail in intact
Fig. 6. Protargol-stained specimens aged E12 (A-D) and E13 (E-H)
scanned with desktop mCT (A, C, E, G) versus synchrotron mCT (B, D,
F, H) in sagittal (A, B, E, F) and coronal (C, D, G, H) views showing
much the same structures, but at in finer, histological detail in the syn-
chrotron scans. In particular, tooth germs are visible in desktop m-CT
scans (C, G) but the structures within these germs are visible and
identifiable only in the synchrotron mCT scans (D, H). In addition to the
embryonic teeth, a wide range of other tissues types absorbed the
protargol stain, including muscles, cartilages, bones, nerves, mucosa,
and the eye lens. Legend: b, bone; c, cerebral hemisphere; eo, extrin-
sic ocular muscles; h, heart; l, lens; m, muscle; mb, midbrain; mc,
mesencephalon; n, neural tube; r, retina, s, somite; t, tongue; tg, tri-
geminal ganglion.
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3.3.3.2)HistologyBlike)detail)of)dental)tissue)is)possible)with)synchrotron)μBCT)of)
silverBstained)embryo)
!! After!comparing!desktop!and!synchrotron!μ[CT!scans!of!silver[stained!specimens,!it!is!evident!that!synchrotron!imaging!shows!in!extremely!fine!detail!the!earliest!stages!of!tooth!development.!Synchrotron!scans!(Figure!24!A,!C,!D)!revealed!the!various!tissues!of!developing!first!molar!and!incisor,!while!desktop!(Figure!24!B)!scans!show!the!onset!of!first!molar!and!incisor!as!simply!a!grey!mass!(Figure!24B!below!and!Figure!23E).!Various!other!tissue!types!such!as!the!premature!upper!and!lower!jaw!skeletons!and!their!associated!muscles!(Figure!23B,!D)!were!also!visible!in!desktop!μ[CT!with!increased!resolution!in!the!synchrotron!scans.!The!superior!resolution!of!synchrotron!μ[CT!scans!combined!with!Protargol’s!excellent!absorption!abilities,!enabled!the!direct!study!of!the!3D!structure!of!the!developing!tooth!germ!(Figure!24).!A!close[up!coronal!view!of!the!tooth[germ!indicated!spherically!shaped!structure!(Figure!24D.!i)!inside!hashed[line!square)!however,!rotating!the!view!90!degrees!through!the!orange!line!(Figure!24D.!i,!iii),!the!shape!of!the!molar!now!looks!like!an!“elongated!tube”,!spanning!the!length!of!the!MxP!(Figure!24D.!iii)!inside!hashed[line!rectangle).!Such!a!detailed!view!of!the!developing!bud!was!only!possible!in!silver[stained!and!not!in!PTA[stained!or!unstained!embryos.!Despite!the!advantages!of!Protargol!over!other!stains,!limitations!of!this!staining!agent!were!seen!in!E15!specimens!whereby!contrast!was!restricted!to!external!morphology!with!very!minimal!internal!tissue!contrast!(Not!shown).!!!!!!!!
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!!!!!!!!
)!!!!Figure!24.!Synchrotron!(A,!C,!D)!as!well!as!desktop!(B)!μ[CT!scans!of!Protargol[stained!E13!embryo,!revealing!details!of!early!tooth!morphogenesis!in!clear!histological!detail!in!synchrotron!scans!(solid!boxes!encompassing!incisor!and!molar!tooth!germs).!First!molars!(M1:!A,!B,!D)!and!incisor!(C)!have!started!to!form!at!E13.!(D)!First!molar!germ!at!bud!stage,!frontal!(i)!view,!perpendicular!to!it!(orange!line,!ii)!and!a!sagittal!view!(iii)!showing!the!spherical!bud!(i,!broken!square)!and!tubular!(iii,!broken!rectangle),!two!different!shapes!exposed!by!different!viewing!angles.!Legend:!l,!eye!lens;!Mc,!Meckel’s!cartilage;!M1,!first!molar;!np,!nasal!pit;!t,!tongue.!Inset!picture!of!molar!cap!stage!tissue!section!(Thesleff,!2009);!inset!incisor!cartoon!(Jheon!et!al.,!2013).!!! Therefore,!in!summary,!desktop!and!synchrotron!μ[CT!revealed!that!Protargol[stained!embryos!staged!E10[15!were!superior!to!PTA[stained!or!un[stained!specimens!in!enhancing!soft!tissue!contrast.!Also,!between!synchrotron!and!desktop!μ[CT,!the!former!exceeded!in!producing!μ![CT!scans!with!the!finest!details!of!developing!embryonic!tissue.!Lastly,!the!silver[based!Protargol!stain!proves!to!be!a!valuable!tool!in!better!understanding!the!processes!by!which!teeth!develop.!!
embryonic mouse specimens s ained with protargol
(silver-proteinate) solution. However, protargol was also
an effective contrast agent for imaging whole embryos
using conventional desktop mCT. Silver, the main compo-
nent of protargol, is a high-atomic-number element that
not unlike PTA absorbs x-rays efficiently (Mizutani and
Suzuki, 2012), creating the density differences necessary
for the mCT scanner’s detector to register. At the synchro-
tron, scanning the embryos just above the silver K-edge
provided very high image contrast. PTA-stained speci-
mens also had good soft tissue contrast, especially the
younger, smaller E10–E14 mice. The older, larger E16-P1
specimens did not stain as efficiently with either PTA or
protargol. Similar to the protargol stain, the slow penetra-
tion of PTA into larger samples was probably due to the
relatively large size of the PTA molecule (Metscher,
2009a) as well as to the formation of skin in these older
specimens. Skin is a natural barrier that appeared to
impede the penetration of either stain solution. Although
a longer incubation period in PTA solution would likely
improve staining efficiency in larger specimens (Metscher,
2009a), our study suggested that for specimens aged E11–
E14 a longer incubation period would not improve the
penetration of the protargol stain. This is because these
younger specimens appeared to be saturated with protar-
gol stain after approximately 24 hr. Desktop mCT imaging
of E18-P1 specimens stained with protargol for about 24
hr showed poor and varying levels of internal structure
contrast, and doubling the stain incubation period did not
significantly improve visu lization. Synchr tron CT
imaging of E16-P1 specimens showed that protargol pene-
tration into the deepest tissues was incomplete in these
older, larger specimens. Protargol incubation temperature
also seemed to make little difference in tissue contrast
regardless of whether specimens were scanned using
desktop or synchrotron mCT. Specimens stained at 60!C
prior to mCT scanning id not show any additional details
compared to specimens stained at 37!C. In fact, the
greater brightness of the images produced with the 60!C
staining temperature may obscure or overpower finer
and/or less brightly stained structures. It is possible that
increasing the stain concentration would improve stain
penetration, since longer incubation time and incubation
at higher temperature did not work, and so this is a solu-
tion to explore in future. The caveat is that increasing the
concentration may increase silver precipitate on the sur-
face of the embryo (Uchihara, 2007), which would also
obscure the visibility of surface (and likely internal)
structures.
Protargol Is Simple, Inexpensive, and Time-
Saving Compared to Other Silver-Staining
Methods
The 1% protargol solution is an ideal silver-based con-
trast agent for several reasons. First, the staining proto-
col requires reagents and equipment found in all basic
biology labs, including standard histology glassware and
Fig. 7. Protargol-stained specimens aged E13 scanned with syn-
chrotron mCT (A, C, D) against desktop mCT for comparison (B), show-
ing early tooth morphogenesis in clear histological detail in
synchrotron scans (solid boxes around incisor and molar tooth germs).
The dental formula for mouse is one central incisor and three molars:
only the first molars (M1: A, B, D) and incisors (C) have started to
form at this stage of embryonic development. (D) First molar germ at
cap stage in frontal (i) view, and perpendicular to this rotated through
the axis (orange line, ii) passing through the embryonic molar, para-
sagittal (iii) view showing that this tooth germ appears spherical (i, bro-
ken square) and elongate (iii, broken rectangle), two very different
shapes depending on the dimension in which the molar is viewed.
Legend: l, eye lens; Mc, Meckel’s cartilage; M1, first molar; np, nasal
pit; t, tongue. Inset picture of molar cap stage tissue section after
(Thesleff and Tummers, 2008); inset incisor cartoon after (Jheon et al.,
2013).
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3.4%Discussion%!
3.4.1%New%use%of%Protargol%as%a%contrastTcreating%agent%in%whole%mouse%
embryo%μTCT%scanning.%A%nonTdestructive%yet%histologyTlike%approach%to%
studying%morphology%in%3D.%%!! Synchrotron!μ[CT!scanning!of!intact,!whole!embryo!heads!stained!with!Protargol!showed!the!greatest!detail!of!internal!organs!and!structures,!including!tooth!primordia,!and!different!tissue!types.!Desktop!μ[CT!scans!also!visualized!in!3D!the!internal!anatomy!of!the!developing!tooth!organs!in!Protargol[stained!embryos.!However,!unsurprisingly,!the!resolution,!clarity!and!detail!seen!in!the!images!of!Protargol[stained!synchrotron!μ![CT!scanned!embryos!were!notably!superior!to!desktop!μ![CT!images.!To!my!knowledge!this!is!the!first!time!that!Protargol!has!been!used!to!stain!whole!embryonic!tissue!and,!specifically,!to!visualize!tooth!organogenesis.!! !Protargol!consists!mainly!of!silver,!which!has!an!achievable!K[edge!energy,!particularly!at!the!Canadian!Light!Source!(CLS)!Synchrotron.!Taking!advantage!of!the!specific!K[edge!of!silver,!we!used!the!synchrotron!BMIT!beam[line!to!enhance!the!detection!of!silver[impregnated!tissues.!Scanning!with!this!specific!silver!K[edge!beam!energy!translates!to!better!X[ray!absorption!for!Protargol!(Mizutani!and!Suzuki,!2012),!which!creates!the!greater!density!differences!that!are!necessary!to!see!and!distinguish!among!soft!tissues.!The!absorption!and!contrast[creating!abilities!of!Protargol!and!PTA!stained!samples!were!thus!compared!in!this!study.!As!assessed!by!overall!μ[CT!image!quality!(i.e.,!clarity!and!detail!visible),!images!taken!by!synchrotron[scanning!PTA[stained!samples!were!generally!inferior!to!those!of!silver[stained!samples.!Nonetheless,!PTA!did!exhibit!good!stain!penetration!and!provided!adequate!contrast!to!visualize!large!soft!tissues,!such!as!eyes!and!the!surrounding!muscles,!Meckel’s!cartilage!and!external!features!such!as!hair!follicles,!in!younger!E10[14!mice.!!!
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The!staining!power!of!both!PTA!and!Protargol!was!limited!because!both!were!insufficiently!absorbed!in!older!specimens!aged!E16[P1.!The!reason!for!this!with!respect!to!the!PTA!stain!was!that!its!penetration!was!limited!by!the!greater!molecular!weight!of!the!PTA!molecule!(Metscher,!2009a),!which!was!further!exacerbated!by!the!maturation!of!the!skin!acting!like!a!natural!barrier!to!the!stain.!Although!Protargol!is!relatively!much!smaller!in!weight!compared!to!PTA,!it!too!was!unable!to!penetrate!the!skin!of!E16[P1!specimens.!To!overcome!this!barrier!problem,!a!longer!incubation!period!with!PTA!solution!was!tested,!as!recommended!by!(Metscher,!2009a).!However,!my!results!indicated!that!a!prolonged!incubation!time!would!not!improve!the!penetration!of!Protargol!stain!because,!within!24!hours,!younger!specimens!were!saturated!externally!with!Protargol.!Also,!with!a!24!hour!incubation!in!Protargol!and!after!desktop!μ[CT!imaging!of!E18[P1!mice,!these!specimens!still!showed!poor!contrast!among!soft!internal!structures.!Therefore,!doubling!the!incubation!time!with!Protargol!did!not!improve!visualization!of!soft!internal!tissue!structures!and!I!would!propose!that!a!longer!incubation!time!with!PTA!would!yield!a!similar!result.!In!the!future,!it!would!be!worth!experimenting!with!different!concentrations!of!staining!solution!to!address!penetration!issues!in!older!embryos.!However,!it!is!important!to!note!that!increasing!the!staining!solution!concentration!may!present!a!similar!problem;!an!increase!in!the!deposition!of!the!stain!on!the!outer!surfaces!of!the!embryo!(Uchihara,!2007),!which!in!turn!would!further!obscure!visibility.!!!As!another!solution,!recently!our!lab!experimented!with!cutting!E16[P1!head!specimens!into!two!halves,!in!sagittal!as!well!as!peri[coronal!planes,!prior!to!staining!and!scanning!in!order!to!improve!Protargol!stain!penetration.!Analysis!of!the!scanned!data!is!ongoing!yet!preview!scans!do!show!better!stain!penetration!in!the!cut!vs.!uncut!(control)!specimens.!Cutting!the!specimens!into!two[equal!halves,!is!however!sub[optimal!if!one!aims!to!study!form!and!structure,!as!the!specimen!is!physically!altered.!Furthermore,!at!E16[P1!the!specimen!heads!have!a!good!amount!
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of!soft!delicate!tissue!and,!while!cutting!with!even!a!new!razor!blade,!the!specimen!is!briefly!deformed!which!can!create!damage!and!thus!artifacts!in!the!scan!data.!!!
3.4.2%Protargol%is%simple,%economical%and%timeTsaving%relative%to%other%silverT
based%stains.%
% %! From!the!results!above!I!conclude!that!a!1%!Protargol!solution!is!ideal!to!visualize!soft!embryonic!tissue!at!stages!earlier!than!E15!using!X[ray!based!μ[CT.!Firstly,!staining!with!Protargol!requires!no!special!equipment!and!can!be!performed!by!anyone!who!possesses!basic!laboratory!skills.!Secondly,!Protargol!poses!minimal!health!risk!compared!to!other!contrast!agents!such!PTA,!or!osmium!tetroxide.!PTA!or!osmium!tetroxide!handling!requires!some!precaution,!such!as!a!fume!hood,!and!appropriate!respiratory!mask!whereas!Protargol!powder!does!not.!Thirdly,!Protargol!is!available!through!Sigma!at!a!relatively!reasonable!cost.!Thus!while!the!expense!of!accessing!a!μ[CT!scanning!system,!particularly!a!synchrotron,!may!be!substantial,!the!expense!of!buying!the!Protargol!compound!and!executing!the!staining!protocol!is!nominal.!!! Importantly,!the!Protargol!staining!protocol!outlined!in!this!study!is!more!efficient!than!previously!described!synchrotron!μ[CT!studies!using!silver!nitrate.!For!instance,!the!Bodian!silver!staining!method!requires!the!presence!of!metallic!copper!in!a!1%!silver!stain!solution!(Bodian,!1936).!The!need!for!copper!for!this!method!to!work!can!potentially!inhibit!optimum!uptake!of!silver!by!the!tissues.!Another!commonly!used!method,!the!Golgi!impregnation!method!(Mizutani!et!al.,!2008),!used!to!stain!human!brain!for!light!microscopy!involves!a!complex!protocol,!over!a!week!in!length,!compared!to!the!method!presented!here!that!takes!24!hours.!Even!more!striking!is!that!these!previously!established!methods!are!dependent!on!thin,!sectioned!slice!of!tissue.!This!is!acceptable!if!one!intends!to!study!simple!2D!tissue!anatomy,!but!is!certainly!not!ideal!to!study!the!3D!relationship!among!tissues!that!develop!in!close!proximity!to!one[another.!Also,!the!methods!mentioned!above!have!been!primarily!used!to!stain!nerve!tissue!and!their!efficacy!for!staining!other!types!
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of!tissues!is!not!known.!Apart!from!staining!nerves!in!histological!sections,!Protargol’s!ability!in!highlighting!all!other!tissue!types!in!uncut,!and!intact!whole!embryonic!tissues!was!largely!unknown.!In!this!study,!Protargol!highlighted!not!only!nervous!tissue,!but!also!epithelial!and!muscular!tissues,!among!other!tissues!types.!A!comparative!μ[CT!study!of!whole!embryos!stained!using!Golgi!impregnation!method!and!with!Protargol!would!be!needed!to!assess!the!effectiveness!of!each!stain!in!creating!soft!tissue!contrast!for!μ[CT!scanning,!but!it!is!unlikely!that!this!study!is!warranted!since!it!is!clear!that!Protargol!performs!very!well!and!is!such!a!relatively!fast!and!simple!staining!procedure.!!! Another!staining!protocol!(Watz!et!al.,!2005)!used!silver!nitrate!to!stain!human!lung!specimens.!This!protocol!is!more!time!consuming!and!labor!intensive!compared!to!our!Protargol!staining!protocol.!The!Watz!method!involved!staining!the!lung!specimens!for!72!hours!in!a!vacuum!water!aspirator,!preventing!the!formation!of!bubbles!and!allowing!even!distribution!of!silver!nitrate!throughout!the!specimen.!Using!a!vacuum!water!aspirator!can!be!tested!in!future!μ[CT!scans!as!a!number!of!our!scans!showed!trapped!air!bubbles!in!the!cavities!of!the!embryo.!Lastly,!a!third!approach!(Butzloff,!2011)!used!a!30%!silver!nitrate!solution!to!stain!honeybee!specimens!at!22C!for!12!hr.!Afterwards,!the!specimen!was!exposed!to!470!nm!dental!curing!lamp!thereby!converting!the!silver!particles!to!a!metallic!state!(Uchihara,!2007).!In!contrast,!my!Protargol!method!did!not!involve!developing!the!silver!embedded!within!embryos!and!yet!provided!excellent!soft!tissue!contrast!for!both!desktop!and!synchrotron!μ[CT.!!! From!the!collection!of!μ[CT!scan!data!some!technical!limitations!are!recognized,!primarily!with!desktop!images.!Firstly,!the!desktop!scanner’s!flux!is!much!smaller!than!any!synchrotron.!This!coupled!with!the!fact!that!desktop!scanners!have!a!limited!choice!of!camera!systems!translates!to!scans!that!fail!to!clearly!visualize!tiny!embryonic!tissues.!Secondly,!the!desktop!μ[CT!system!uses!a!polychromatic!cone!beam,!composed!of!an!array!of!photon!energies.!In!theory,!the!
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beam!can!be!filtered!to!a!monochromatic!beam;!however!that!would!lead!to!a!further!decrease!in!flux!and!result!in!much!longer!scan!times.!Thus,!desktop!vs.!synchrotron!μ[CT!scan!comparisons!reveal!that!the!former!is!limited!in!generating!optimum!contrast!and!resolution!for!visualizing!the!various!structures!of!teeth!and!jaws!in!the!developing!embryo.!These!limitations!were!overcome!by!the!use!of!high[resolution!synchrotron!μ[CT!allowing!us!to!see,!in!detail,!dental!development!as!it!actually!occurs!in!close!proximity!to!mandibular!development.!!!
3.4.3%Protargol%staining%combined%with%synchrotron%μTCT%scanning%gives%
insight%into%the%early%stages%of%tooth%development.%%!The!original!goal!of!this!project!was!to!visualize!tooth!morphogenesis!using!PTA!staining!agent!combined!with!desktop!μ[CT!scanning.!In!mice,!tooth!development!initiates!at!about!E11!by!the!thickening!of!the!dental!lamina!(Jernvall!and!Thesleff,!2000).!Thereafter,!bud!formation!begins!to!appear!around!E13!followed!by!cap!stage!at!E13[15!(Jernvall!and!Thesleff,!2000).!Ideally,!desktop!μ[CT!scanning!systems!would!at!least!show!in!coarser[grain!the!3D!morphology!of!the!developing!tooth!organ.!However,!based!on!our!results,!while!desktop!μ[CT!scans!of!PTA[stained!embryos!did!show!the!developing!tooth,!the!resolution!was!below!that!required!to!visualize!the!various,!specific!parts!of!the!tooth!organ!(dental!papilla,!enamel!knot,!and!stellate!reticulum).!This!lack!of!detail!persisted!for!scans!of!even!Protargol[stained!specimens,!underscoring!the!need!for!a!high[resolution!μ[CT!imaging!system.!As!expected,!synchrotron!imaging!revealed!much!greater!detail!and!contrast!of!the!various!structures!within!the!tooth!organ.!Detail!imaging!of!the!landscape!of!the!jaw!and!teeth!was!possible!with!the!synchrotron!due!to!its!high[intensity,!collimated!beam!of!photons!tuned!to!just!above!the!K[edge!of!silver!to!enhance!contrast!for!soft!tissues!soaked!in!Protargol.!Synchrotron!scans!were!further!enhanced!with!a!custom!camera!setup!more!powerful!and!better!suited!for!small!tissue!imaging.!!
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Interestingly,!PTA[stained!specimens!scanned!at!the!synchrotron!did!not!reveal!great!internal!tissue!contrast.!This!could!be!explained!by!the!fact!that!imaging!of!PTA[soaked!embryos!was!performed!with!the!same!photon!energy!as!Protargol[soaked!embryos.!Ideally,!PTA[stained!embryos!imaging!would!be!best!if!performed!at!or!just!above!the!K[edge!of!Tungsten!(80!keV),!the!main!metal!in!PTA,!to!maximize!contrast.!However!this!is!currently!not!feasible,!at!least!at!the!Canadian!Light!Source,!as!the!flux!at!that!high!energy!would!be!very!low!and!detector!efficiency!would!drastically!drop,!resulting!in!very!low!contrast!in!the!stained!specimens.!!
3.4.4%Protargol%as%a%novel%tool%with%which%to%study%developmental%morphology%
of%different%tissue%types.%%
%
% I!have!presented!in!this!study!the!use!of!a!silver[based!Protargol!stain!as!a!contrast!agent!in!μ[CT!imaging.!In!the!past!this!contrast!agent!has!been!extensively!used!for!histological!staining!of!sectioned!neural!tissue!(Bodian,!1936).!In!this!chapter,!I!demonstrate!the!staining!capabilities!of!Protargol!in!whole!embryos.!Protargol’s!ability!to!easily!penetrate!the!various!tissues!in!the!embryo!is!not!dependent!on!the!use!of!harsh!digestion!reagents!or!any!other!destructive!process,!thus!making!it!an!ideal!staining!reagent!for!accurate!morphological!studies.!In!the!past,!conventional!histology!has!been!used!to!acquire!3D!images!of!molar!tissues!(Chlastakova!et!al.,!2011;!Lungova!et!al.,!2011).!Lungova!and!colleagues!(2011)!used!7!μm!thick!histological!sections!that!were!virtually!stitched!together!with!special!software.!This!produced!great!images!of!the!molar!within!the!lower!jaw!albeit!with!some!technically!difficulties.!For!instance,!generating!3D!reconstructions!from!2D!histological!images!is!extremely!time!consuming,!and!error[prone.!Each!section!must!be!precisely!aligned!to!generate!the!most!accurate,!reliable!3D!rendering.!Furthermore,!the!method!used!by!Lungova!and!colleagues!(2011)!is!problematic!if!quantitative!analysis!is!to!be!performed!because!as!the!sample!is!cut,!soft!tissue!can!be!deformed,!and!subsequent!stitching!of!the!images!can!introduce!further!artifacts.!
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Similarly,!Chalastakova!and!colleagues!(2011)!studied!third!molar!development!using!methods!practiced!by!Lungova!et!al.!(2011).!!! Unfortunately,!both!studies!also!necessitated!treating!samples!with!Ethylenediaminetetraacetic!acid!(EDTA),!a!harsh!decalcifying!agent!essential!to!dissolve!bone!for!efficient!tissue[sectioning.!Both!studies!also!use!mice!aged!between!P0!to!14!days!after!birth.!At!this!stage!of!development,!bone!is!in!the!process!of!mineralizing!and!teeth!have!deposits!of!dentin!(i.e.,!mineralized!tissue),!hence!there!would!be!less!or!no!requirement!to!stain!the!specimens!for!μ[CT!scanning!(Theiler,!1989)!or!physically!section!the!mineralizing!tissue.!Moreover,!the!jaws!and!teeth!at!these!later!stages!are!much!bigger;!hence,!desktop!μ[CT!could!likely!be!adequate!in!generating!clear!and!detailed!images!of!the!teeth!and!surrounding!upper!jaw!skeleton/mandible!organs.!I!believe,!the!use!of!destructive!chemicals!and!physical!sectioning!used!by!Lungova!and!colleagues!(2011)!and!Chalastakova!and!colleagues!(2011)!are!sub[optimum!methods!to!study!development!and!morphology!of!molars!within!P0[14!day!mice.!The!work!presented!in!this!chapter!reveals!an!alternative!method!that!involves!little!manipulation!and!no!damage!to!the!sample!that!results!in!efficient!3D!imaging!best!for!both!descriptive!and!empirical!studies.!!!The!synchrotron!data!suggests!that!the!molar!tooth!develops!not!like!a!spherical!organ,!but!rather!like!a!tubular!shaped!structure!spanning!the!length!of!the!MdP.!This!raises!a!few!important!questions.!Firstly,!how!does!this!elongated!structure!give!rise!to!three!distinct!and!separate!molars?!Does!the!tube[like!structure!subdivide!into!three!individual!molars!or!does!the!mandible!produce!three!structures!each!giving!rise!to!an!individual!molar?!From!the!work!performed!by!Lungova!and!colleagues!(2011),!these!questions!do!not!have!a!clear!and!distinct!answer.!I!believe!it!is!3D!μ[CT!imaging!than!can!help!us!in!resolving!these!inquiries,!ultimately!improving!our!understanding!of!how!teeth!and!jaws!form,!interact,!and!evolve!through!their!development.!Micro[CT!conducted!using!synchrotron!light!also!
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enabled!the!visualization!of!specific!parts!of!the!tooth!organ,!eyes,!muscles,!and!cartilages.!Perhaps!in!the!future,!desktop!μ[CT!systems!may!improve!to!provide!synchrotron[like!μ[CT!image!clarity,!however!at!this!time!my!research!suggests!that!synchrotron!μ[CT!is!the!optimal!scanning!modality!enabling!the!accurate!study!of!tooth!development!through!time.!!!
3.5%Future%directions%and%Conclusions%!! In!conclusion,!the!new!Protargol[staining!protocol!developed!in!this!study!is!effective!in!providing!excellent!embryonic!soft!tissue!contrast!for!desktop!and!synchrotron!μ[CT!imaging.!Protargol!easily!penetrated!specimens!staged!E10[13,!staining!various!tissue!types!such!as!cartilage,!bone,!epithelia,!tooth!germ,!facial!features,!nerves,!and!muscles.!Older!larger!specimens!E16,!E18,!and!newborns!were!challenging!to!stain!as!the!now!well[developed!skin!prohibited!Protargol!from!penetrating!into!deeper!tissues.!Furthermore,!Protargol[treated!embryos!that!were!synchrotron!scanned!with!a!tuned!near!K[edge!imaging!energy!provided!an!advantage!over!desktop!scans!by!exploiting!K[edge!absorption!properties!of!silver.!Protargol!staining!and!subsequent!synchrotron!imaging!enabled!characterization!of!the!3D!shape,!size,!and!organization!of!miniscule!tissues!such!as!teeth.!!! Future!work!using!synchrotron[based!μ[CT!will!focus!on!silver!labeling!of!proteins!in!whole!mouse!embryos.!This!novel!technique!called!Enzyme!Metallography!developed!by!Nanoprobes!(Yaphank,!U.S.A.),!utilizes!HRP!enzymes!on!secondary!antibodies!for!deposition!of!silver!particles!at!the!target!of!the!primary!antibody.!If!successful,!the!sample!can!then!be!scanned!at!the!synchrotron!above!the!K[edge!of!silver,!to!detect!the!presence!of!the!silver!and!by!extension!the!presence!of!the!protein.!Such!a!study!has!been!performed!with!chick!embryo!labeled!for!alpha[tubulin,!and!type!II!collagen!and!subsequent!desktop!μ[CT!(Metscher!and!Muller,!2011).!Metscher!and!Muller’s!study!however!did!not!use!the!K[edge!properties!of!silver,!hence!it!is!difficult!to!determine!if!the!contrast!is!truly!as!a!
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result!of!silver!or!is!background!contrast!by!the!specimen!itself.!In!the!future,!our!lab!plans!to!use!this!antibody!specific!labeling!method!with!high[resolution!synchrotron!μ[CT,!enabling!us!to!visualize!the!localization!of!the!mentioned!proteins!within!the!craniofacial!prominence.!Such!a!technique!will!further!enhance!our!understanding!of!how!protein!expression!of!the!studied!genes!is!patterned!across!the!various!developmental!stages!particularly!with!respect!to!tooth!morphogenesis.!!!! Currently,!our!collected!synchrotron!and!desktop!μ[CT!data!is!being!used!to!quantify!the!tooth!organ!and!its!organization!within!the!jaw!prominence!and!relative!to!ossifying!bones!of!the!jaw!skeleton.!In!future!it!would!be!useful!to!focus!on!determining!the!physical!area!required!for!three!molars!to!grow,!and!how!this!area!may!be!altered!within!the!toothless!Brdm2!mutant!that!develops!normal!mandible.!Undoubtedly,!teeth!have!specific!spatial!needs,!particularly!beyond!the!cap!stage!at!E15!when!teeth!occupy!a!large!space!within!the!mandibular!and!MxP.!Exactly!what!the!minimum!space!requirements!are,!and!how!this!may!affect!the!timing!and!positioning!of!tooth!development,!remain!unclear.!Understanding!the!genetics!that!coordinate!upper!jaw!skeleton/mandible!and!tooth!development!as!well!as!how!a!tooth[specific!GRN!work!to!print!in!3D!the!morphology!of!teeth,!will!enable!us!to!better!model!how!these!dentitions!and!jaws!form!and!vary!in!their!shapes!and!sizes.!!
% %
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4%Conclusion%!! This!study!has!taken!a!first!step!to!identify!participants!of!a!gene!regulatory!network!for!tooth!morphogenesis!exclusive!of!jaw!skeletal!morphogenesis.!Using!the!“toothless”!Brdm2!mutant,!I!isolated!a!collection!of!genes!previously!not!associated!with!tooth!(or!in!some!cases,!jaw)!morphogenesis.!In!the!present!study,!transcript!levels!of!Cbln1,!and!Krt228!were!up[regulated,!while!Fermt1!was!down[regulated!and!Pltp!levels!were!unaltered!in!homozygotes!compared!to!phenotypically!normal!mice.!Recall,!that!at!these!developmental!stages,!tooth!development!is!normally!initiated!by!cross[signaling!between!the!dental!epithelium!and!underlying!mesenchyme!within!the!jaw!primordium.!!!! Interestingly,!the!differences!in!transcript!levels!detected!in!the!mutants!did!not!correspond!entirely!to!alterations!at!the!protein!level.!The!Discussion!of!this!thesis!addressed!this!conundrum,!with!a!consensus!that!in!the!homozygote,!protein!expression!of!these!genes!were!likely!being!rescued!by!TRP63[independent!pathways.!Of!course,!caution!must!be!exercised!here!in!either!completely!negating!the!role!of!these!proteins!in!odontogenesis,!or!firmly!asserting!that!they!are!involved!in!tooth!formation.!My!view!is!that!there!may!exist!some!mechanism!with!which!these!proteins!participate!in!the!normal!formation!of!teeth,!the!precise!details!of!which!are!simply!unknown!at!the!moment.!!!! In!conclusion,!one!of!my!hypotheses!was!that,!in!the!homozygote!the!mRNA!
and!protein!levels!would!mirror!each!other!for!the!genes[of[interest.!Based!on!my!results,!an!alternative!hypothesis![!that!in!homozygote!MdP,!expression!changes!will!be!seen!only!for!transcripts!and!not!for!fully[folded!protein!products![!was!supported.!As!also!mentioned!in!the!Discussion,!much!more!experimentation!is!needed!to!unequivocally!determine!how!the!studied!proteins!may!work!together!to!dictate!the!formation!of!teeth!in!mice.!!
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!! Another!aim!of!this!study!was!to!pilot!a!method!to!visualize!the!3D!morphology!and!structure!of!the!developing!teeth!within!the!jaws!of!whole!(i.e.,!un[sectioned)!embryonic!mice.!Synchrotron!μ[CT!powerfully!captured!in!histological!detail!the!structures!of!minutely[sized!tissues!including!the!tooth!organ!and!its!various!internal!layers.!This!study!also!validated!a!new,!unconventional!and!effective!way!to!incorporate!Protargol,!a!silver[based!stain,!into!whole!embryonic!tissues!as!a!contrast!agent!for!subsequent!μ[CT!imaging!to!directly!and!quickly!capture!a!“3[dimensional!view”!of!the!earliest!signs!of!teeth!developing!in!the!embryonic!mice!that!is!much!more!effective!than!conventional!3D!reconstructions!using!2D!sections!through!the!tooth!organ/jaw!primordium.!This!simple!method!can!be!readily!adopted!by!any!researcher!who!wishes!to!see!and!even!measure!the!developmental!morphology!of!soft!tissues![!not!just!dental!or!jaw!structures![!without!physically!destroying!a!specimen!as!is!requisite!for!classic!histology!and!microscopy!work.!!!! This!study!has!shown!the!exceptional!ability!and!superiority!of!Protargol!relative!to!PTA,!to!be!detected!within!embryonic!tissue!using!available!synchrotron!technology!tuned!to!optimal!beam!energy.!There!appeared!to!be!clear!differences!in!the!penetration!of!the!two!staining!agents!amongst!the!specimens,!with!Protargol!being!superior!to!PTA!in!integrating!into!internal!soft!tissues.!Interestingly,!PTA!stain!was!unable!to!penetrate!deeper!tissues!within!the!brain!and!neck!regions!as!μ[CT!imaging!showed!contrast!restricted!to!outer/external!embryo!surfaces.!In!addition,!I!hypothesized!that!visualizing!tooth!organogenesis!would!have!been!possible!if!Protargol!was!effectively!absorbed!by!the!specimen!and!synchrotron!μ[CT,!configured!to!near!the!K[edge!of!silver!was!used.!This!hypothesis!was!supported!by!μ[CT!scanning!data!from!synchrotron,!showing!penetration!into!deep!tissues,!proving!the!great!ability!of!Protargol!to!create!contrast!at!those!early!embryonic!stages.!!!
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! In!conclusion,!the!work!presented!here,!driven!by!the!hypothesis!that!jaw!skeleton!and!teeth!form!via!separate!signaling!pathways!if!not!GRNs,!has!validated!a!suite!of!genes!that!are!probable7candidates!that!help!control!tooth!morphogenesis!independently!of!jaw!skeletal!morphogenesis.!I!hope!that!future!work!will!characterize!in!detail!the!roles!of!this!suite!of!genes!and!their!products!in!the!multi[step!process!of!odontogenesis.!!!! !
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